1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

%

>

N4

o)
S

o VAT

NIH Public Access

Author Manuscript

Published in final edited form as:
Comp Biochem Physiol Part D Genomics Proteomics. 2011 September ; 6(3): 282-309. doi:10.1016/
j-cbd.2011.06.002.

Genomic identification of a putative circadian system in the
cladoceran crustacean Daphnia pulex

Andrea R. Tildenl”, Matthew D. McCoole?, Sarah M. Harmon3, Kevin N. Baer?, and Andrew
E. Christie3”
1Department of Biology, Colby College, 5720 Mayflower Hill, Waterville, Maine 04901, USA

2College of Pharmacy, Department of Toxicology, University of Louisiana at Monroe, 700
University Avenue, Monroe, Louisiana 71209 USA

3Neuroscience Program, John W. and Jean C. Boylan Center for Cellular and Molecular
Physiology, Mount Desert Island Biological Laboratory, P.O. Box 35, Old Bar Harbor Road,
Salisbury Cove, Maine 04672 USA

Abstract

Essentially nothing is known about the molecular underpinnings of crustacean circadian clocks.
The genome of Daphnia pulex, the only crustacean genome available for public use, provides a
unique resource for identifying putative circadian proteins in this species. Here, the Daphnia
genome was mined for putative circadian protein genes using Drosophila melanogaster queries.
The sequences of core clock (e.g. CLOCK, CYCLE, PERIOD, TIMELESS and
CRYPTOCHROME 2), clock input (CRYPTOCHROME 1) and clock output (PIGMENT
DISPERSING HORMONE RECEPTOR) proteins were deduced. Structural analyses and
alignment of the Daphnia proteins with their Drosophila counterparts revealed extensive sequence
conservation, particularly in functional domains. Comparisons of the Daphnia proteins with other
sequences showed that they are, in most cases, more similar to homologs from other species,
including vertebrates, than they are to those of Drosophila. The presence of both
CRYPTOCHROME 1 and 2 in Daphnia suggests the organization of its clock may be more
similar to that of the butterfly Danaus plexippus than to that of Drosophila (which possesses
CRYPTOCHROME 1 but not CRYPTOCHROME 2). These data represent the first description of
a putative circadian system from any crustacean, and provide a foundation for future molecular,
anatomical and physiological investigations of circadian signaling in Daphnia.
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1. Introduction

Virtually all organisms exhibit physiological and behavioral rhythms oscillating with a
period of approximately 24-h. Regardless of species, these physiological/behavioral
patterns, commonly referred to as circadian rhythms, are characterized by four basic
properties (Allada and Chung, 2010): I. they persist under constant conditions (indicating
the presence of a self-sustaining clock), Il. the clock-driven activity reoccurs approximately
every 24-h, I11. the activity pattern is entrained by the solar day, and 1V. the period of the
activity, while sensitive to changes in environmental conditions, is stable over a wide range
of temperatures. In addition, all circadian systems have three functional components (Allada
and Chung, 2010): 1. a core clock, which is responsible for time keeping, Il. input pathways
that act to synchronize the clock to the environment, and I11. output pathways that transmit
the timing information for the control of physiology and behavior (see Table 1 for the
proteins in each category). Depending on the system in question, the cellular location of
these components may be distinct or contained within a common locus.

While a number of species have been the subjects of investigations into the molecular
mechanisms underlying the core circadian clock, perhaps the best studied are insects, and in
particular, the fruit fly Drosophila melanogaster (Allada and Chung, 2010; Tomioka and
Matsumoto, 2010). In Drosophila, work from many laboratories has elucidated several
interacting molecular feedback loops, which form the core of a molecular clock. As recently
reviewed by Allada and Chung (2010), a heterodimer formed by the CLOCK (CLK) and
CYCLE (CYC) proteins binds to E-box elements in the promoter regions of the period (per)
and timeless (tim) genes, activating their transcription (typically peaking late in the day).
Due to this activation, PERIOD (PER) and TIMELESS (TIM) proteins are produced,
accumulate and dimerize in the cytoplasm during the early evening hours, are translocated to
the nucleus at approximately midnight, ultimately binding to the CLK/CYC heterodimer.
The binding of the PER/TIM heterodimer to CLK/CYC inhibits this complex’s DNA
binding to, and hence activation of, the per and tim genes during the late night.

In addition to the core clock proteins CLK, CYC, PER and TIM, a number of others are also
involved in the control of the core clock feedback loop of Drosophila (Allada and Chung,
2010). Specifically, PER, TIM and CLK each exhibit rhythmic phosphorylation, with the
peak in this state occurring in the late night or early day; PER is phosphorylated by casein
kinase le (DOUBLETIME [DBT]) and CASEIN KINASE Il (CKII), while TIM is
phosphorylated by GLYCOGEN SYNTHASE KINASE 3B (SHAGGY [SGG]) and CKI]I.
CLK is phosphorylated by a nuclear complex of PER and DBT. The phosphorylation of
PER is known to enhance its repressor activity. In addition, phosphorylated PER and TIM
are targets of the phosphatases PROTEIN PHOSPHATASE 2A (PP2A) and PROTEIN
PHOSPHATASE 1 (PP1), the former of which is believed to be involved in generation of
PER’s phosphorylation rhythm. The peak in phosphorylation of these proteins is known to
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precede their disappearance, which at least partially involves the ubiquitination of DBT-
phosphorylated PER (and its resulting degradation via the ubiquitin-proteasome pathway) by
the E3 ubiquitin ligase SUPERNUMERARY LIMBS (SLIMB); the proteolysis of PER
removes repression of the CLK/CYC complex allowing for a new cycle of per and tim
transcription. TIM is the target for CYPTOCHROME (CRY), a cell autonomous blue-light
photoreceptor protein, which triggers its degradation (in the remainder of this paper
Drosophila-type CRY is referred to as CRY1 to distinguish it from vertebrate-type CRY or
CRY2, which is present both with and without CRY1 in non-drosophalid insects; e.g. Yuan
et al., 2007).

In addition to their roles in regulating the PER-TIM feedback loop, the CLK/CYC
heterodimer also activates several other interdependent feedback loops that are hypothesized
to play roles in setting the phase and amplitude of the Drosophila core clock, as well as its
rhythmic output (Allada and Chung, 2010). Specifically, CLK/CYC bind to E-box elements
in the promoters of the par domain protein 1 (pdp1) and vrille (vri) genes, activating their
transcription. In turn, the PAR DOMAIN PROTEIN 1 (PDP1) and VRILLE (VRI) proteins
activate and repress, respectively, the transcription of the clock (clk) and cryptochrome (cry)
genes. Because the accumulation of PDP1 is delayed relative to that of VVRI, the rhythms of
clk and cry activation are antiphase (peaking in early day) to those of per and tim. In
addition the CLK/CYC heterodimer also activates transcription of the clockwork orange
(cwo) gene. The CLOCKWORK ORANGE (CWO) protein, a basic helix-loop-helix (HLH)
repressor, in turn targets the E-box elements of CLK/CYC target genes, repressing their
activation.

Interestingly, while the Drosophila circadian system is arguably the best understood in the
animal kingdom, it may not be stereotypical, even within insects (e.g. Zhu et al., 2005; Yuan
et al., 2007; Zhu et al., 2008). Based on the complement of CRY's present, several models
have been proposed for clock systems in insects (Yuan et al., 2007). Specifically, whereas
D. melanogaster possesses a single CRY, in many insects, two CRY's have been identified,
one similar to that of Drosophila, commonly referred to as dCRY or CRY1, and the other
similar to that present in vertebrates, commonly referred to as CRY2; in several insects, only
CRY2 has been found. In essentially all systems where it is present, CRY1 is proposed as a
photosensitive input to the clock, providing a mechanism for entraining the clock to the solar
day (Yuan et al., 2007). In contrast, CRY2 does not appear to play a role in photic
entrainment, but rather appears to be a core clock protein, functioning as a repressor of
CLK/CYC-mediated transcription (e.g. Zhu et al., 2005; Yuan et al., 2007; Zhu et al., 2008).
Thus, in Drosophila, CRY likely functions solely as an input to the clock system, whereas in
other insects members of the CRY family appear to serve both as inputs to the clock (CRY1)
and as members of the core clock ensemble itself (CRY2); in insects with only CRY2, novel
photic entrainment pathways are hypothesized, with CRY2 proposed to function primarily,
perhaps solely, as a transcriptional repressor (e.g. Zhu et al., 2005; Yuan et al., 2007; Zhu et
al., 2008). Evolutionary studies of CRY gene duplication and loss suggest that the clock
system possessing both CRY1 and CRY2 is the most ancestral organization (Yuan et al.,
2007).
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As in other organisms, many crustaceans are known to display circadian patterns in
physiology and behavior. As recently reviewed by Strauss and Dircksen (2010), known/
postulated crustacean circadian behaviors include, but are not limited to, locomotion,
feeding, moulting, reproduction, hatching/larval release, color change, and diel vertical
migration. Interestingly, and despite the rich repertoire of circadian rhythms exhibited by
crustaceans, essentially nothing is known about the molecular underpinnings of circadian
clocks in these animals. While many laboratories have attempted to molecularly clone
crustacean circadian proteins via reverse transcription polymerase chain reaction using
degenerate primers, only two putative circadian proteins have thus far been identified and
characterized from crustaceans, i.e. a putative homolog CLK from the freshwater prawn
Macrobrachium rosenbergii (Yang et al., 2006) and a CRY homolog from the Antarctic krill
Euphausia superba (Mazzotta et al., 2010).

The recent sequencing of the genome of the cladoceran crustacean Daphnia pulex provides
an alternative avenue for identifying putative crustacean homologs of known insect
circadian proteins, namely identification via genome mining; members of the genus
Daphnia, like many other planktonic crustaceans, are known to exhibit pronounced diel
migratory behaviors (e.g. Lampert, 1989; Loose, 1993; Loose and Dawidowicz, 1994). In
the study presented here, we have used such a strategy to predict a large suite of D. pulex
proteins that show significant homology to those that form the molecular underpinnings of
the D. melanogaster circadian clock. Structural analysis of the identified proteins, which
include, among others, putative homologs of PER, TIM, CLK and CYC, revealed that
essentially all contain the domains known to be required for function in the fruit fly.
Moreover, putative homologs of both CRY1 and CRY2 were identified, suggesting that the
clock system of Daphnia is organized more like that proposed for lepidopterans and
mosquitoes, than it is to the Drosophila system (Yuan et al., 2007), i.e. CRY1 acting as a
circadian photoreceptor to the clock and CRY2 participating in the establishment of the core
clock itself. In addition, a protein likely involved in mediating the output signaling of the
clock, i.e. a receptor for pigment dispersing hormone, was identified and characterized.
Taken collectively, the data presented here represent the first description of a putative
circadian system from any crustacean, and provide a foundation for future molecular,
anatomical and physiological investigations of circadian signaling in D. pulex and other
crustacean species.

2. Materials and methods

2.1. Genome sequencing and gene modeling

For current descriptions of the preparation, sequencing and modeling of the D. pulex
genome, readers are referred to http://wfleabase.org/ (Colbourne et al., 2005; 2011), which is
maintained by the Indiana University Genome Informatics Laboratory (Indiana University,
Bloomington, IN, USA).

2.2. Genome mining

Genome mining was accomplished using BLAST+ 2.2.23 software (downloadable from the
National Center for Biotechnology Information, Bethesda, MD, USA,; ftp://
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ftp.ncbi.nlm.nih.gov/blast/executables/blast+/) and the beta-release of the D. pulex Genes
2010 frozen genome assembly (Indiana University Genome Informatics Laboratory, and
Center for Genomics and Bioinformatics at Indiana University, Bloomington, IN, USA,;
http://wfleabase.org/) as described in several earlier publications (Christie et al., 2011;
McCoole et al., 2011); D. melanogaster proteins were used to query the genome. For all
searches, the BLAST score and BLAST-generated E-value for significant alignment are
provided in Table 1. To strengthen our gene identifications, the sequence of the Daphnia
protein deduced from each gene was reciprocally blasted against the Drosophila proteins
curated in FlyBase (Tweedie et al., 2009); the results of these analyses are shown in Table 2.
In addition, each protein was blasted against all non-redundant protein sequences curated at
NCBI (excluding Daphnia proteins, obvious partial proteins, synthetic constructs and
provisional protein sequences) using the online program protein blast (blastp algorithm used;
http://blast.nchbi.nlm.nih.gov/Blast.cgi); the top five hits for each protein are shown in Table
3.

2.3. Analyses of protein structure

Analyses of protein structural motifs were accomplished using the online program SMART
(http://smart.embl-heidelberg.de/ [Schultz et al., 1998; Letunic et al., 2009]) and homology
to the structural motifs of previously described insect circadian proteins, predominantly ones
from D. melanogaster. Alignment of all proteins shown in our figures was done using the
online program MAFFT version 6 (http://align.bmr.kyushu-u.ak.jp/mafft/online/server/;
[Katoh and Toh, 2008]). Amino acid identity was calculated as number of identical amino
acids (denoted by [*]) divided by the total number of amino acids in the longest sequence,
while amino acid similarity was calculated as number of identical and similar amino acids
(the latter denoted by the [:] and [.] symbols in the protein alignments) divided by the total
number of amino acids in longest sequence.

2.4. Figure production

3. Results

Alignments generated in MAFFT were copied and pasted into Microsoft Word, and the
structural domains identified by SMART analyses, colored using this program. For all
figures, a common coloring scheme was used to highlight each structural domain: serine/
threonine kinase catalytic, red; HLH, green; PAS, light blue; PAC, blue; coiled-coil, pink;
orange, yellow; basic region leucine zipper, dark blue; protein phosphatase 2A, dark green;
WDA40, dark red; FBOX, dark gray; transmembrane, light gray; hormone receptor, black.

As stated in Section 1, all known circadian systems are composed of three functional
components: a core clock, input pathways that act to synchronize the clock to the
environment, and output pathways that transmit timing information. With one exception, the
results of genome searches and protein analyses are grouped according their putative role
within the theoretical Daphnia circadian system, i.e. core clock proteins, input pathway
proteins, or output pathway proteins; the results for CRY are presented under “input
pathway proteins”, though, in some species, family members also serve as key components
of the core clock as well. Within each of these grouping, data are presented in alphabetical
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order based on the Drosophila protein name. It should be noted that the Daphnia protein
sequences reported in this study are based on the Genes 2010 gene model algorithm, which,
in a previous study (Christie et al., 2011), was found to typically have the best fit with the
extant D. pulex transcriptome data, at least for peptide precursor protein genes. This said,
other gene model algorithms (i.e. JGI, Gnomon, PASA and SNAP) did in some cases predict
slightly different protein sequences from those shown here, and readers should take heed of
this and treat the sequences presented as theoretical rather than biochemically-confirmed.

3.1. Core clock proteins

3.1.1. CASEIN KINASE Il (CKII)

3.1.1.1. CKII a-subunit: A single D. pulex gene (dappu-ckll a) was identified as encoding
a putative CKIl a-subunit protein via a query using a D. melanogaster CKIl a (Accession

no. AAN11415; Adams et al., 2000). The Genes 2010 gene model shows dappu-ckll a to be
located on Scaffold 17 of the genome, with a predicted length of 3693 nucleotides (Table 1).

Figure 1A shows the alignment of the protein deduced from dappu-ckll a (Dappu-CKIl a;
365 amino acids in overall length) with that of the Drosophila query (336 amino acids long).

Comparison of the sequence of Dappu-CKII a with that of Drome-CKII a revealed 81.1%
amino acid identity/89.6 % amino acid similarity between the two proteins. SMART
analyses of Dappu-CKIl a and Drome-CKII a identified a single, highly conserved (93.4%
identical/97.9% similar) serine/threonine kinase catalytic domain within each protein (Fig.
1A).

Reciprocal blasting of Dappu-CKII a against all proteins curated in FlyBase revealed CKIlI
a (Flybase no. EBpp0070043) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Interestingly, blastp comparison of Dappu-CKII a with all non-redundant
protein sequences curated by NCBI revealed the catalytic subunit of human CK 11
(INA7_A) to be the most similar protein match (Table 3); the remaining top five blastp hits
are all insect CKII a proteins, though Drosophila CKII a is not among them (Table 3).

3.1.1.2. CKIlI B-subunit: A single D. pulex gene (dappu-ckll 8) was identified as encoding
a putative CKII B-subunit protein via a query using a D. melanogaster CKIl B (AAF48093;
Adams et al., 2000). The Genes 2010 gene model shows dappu-ckll Sto be located on
Scaffold 41 of the genome, with a predicted length of 2093 nucleotides (Table 1).

Figure 1B shows the alignment of the protein deduced from dappu-ckll g (Dappu-CKII B;
221 amino acids in overall length) with that of the Drosophila query (215 amino acids long).
Comparison of the sequence of Dappu-CKII B with that of Drome-CKII  revealed 84.2%
amino acid identity/94.6 % amino acid similarity between the two proteins. No functional
domains were identified in either Dappu-CKII B or Drome-CKII § via SMART analysis.

Reciprocal blasting of Dappu-CKII B against all proteins curated in FlyBase identified CKII
B (Flybase No. FBpp0089135) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Interestingly, and similar to the result found for Dappu-CKII a, a human
CKII B protein (CAI18393) was found to have the highest homology score when Dappu-
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CKII B was blasted against all non-redundant protein sequences curated by NCBI (Table 3).
Perhaps even more surprising was the finding that none of the remaining top five blastp hits
from the NCBI database were from insects. In fact, only one invertebrate protein, a CKIl B
from the bivalve mollusc Mytilus galloprovincialis (CBK3891), was among these hits
(Table 3).

3.1.2. CLOCK (CLK)—A single D. pulex gene (dappu-clk) was identified as encoding a
putative CLK protein via a query using a D. melanogaster CLK (AAC62234; Bae et al.,
1998). The Genes 2010 gene model shows dappu-clk to be located on Scaffold 27 of the
genome, with a predicted length of 5939 nucleotides (Table 1).

Figure 2A shows the alignment of the protein deduced from dappu-clk (Dappu-CLK; 890
amino acids in overall length) with that of the Drosophila query (1027 amino acids long).
Comparison of the sequence of Dappu-CLK with that of Drome-CLK revealed 30.8% amino
acid identity/57.4% amino acid similarity between the two proteins. SMART analyses of
Dappu-CLK and Drome-CLK identified similar, though not identical, sets of structural
domains within each protein. Specifically, both Dappu-CLK and Drome-CLK are predicted
to contain a single HLH domain, two PAS domains, and a single PAC domain (Fig. 2A). In
addition, Drome-CLK is predicted to contain three coiled-coil regions; this motif is absent in
Dappu-CLK (Fig. 2A). For those domains that are shared between Dappu-CLK and Drome-
CLK, extensive amino acid conservation is evident: HLH, 60.8% identity/96.1 % similarity;
PAS1, 43.3 % identity/80.6 % similarity; PAS2, 73.1 % identity/92.5 % similarity; PAC,
70.5 % identity/93.2 % similarity. Essentially no conservation of sequence is seen between
the two proteins in any of the coiled-coil regions (Fig. 2A).

As stated in Section 1, CLK is one of the few circadian proteins for which a putative
crustacean family member has been identified, i.e. M. rosenbergii CLK (Yang et al., 2006).
Comparison of the sequences of Dappu-CLK and Macro-CLK (AAX44045; Yang et al.,
2006), revealed a level of amino acid identity/similarity similar to that seen for Dappu-CLK
and Drome-CLK (i.e. 30.4 % identity/56.0 % similarity; Fig. 2B). As for Dappu-CLK and
Drome-CLK, SMART analysis of Macro-CLK identified single HLH domain, two PAS
domains, and a single PAC domain within this protein (Fig. 2B). In addition, this analysis
identified a single coiled-coil region in Macro-CLK (Fig. 2B). Comparison of the HLH,
PAS and PAC domains of Macro-CLK and Dappu-CLK revealed slightly higher levels of
conservation to those reported above for Drome-CLK and Dappu-CLK (HLH, 62.7%
identity/100 % similarity; PAS1, 60.0% identity/85.0% similarity; PAS2, 80.0% identity/
95.0% similarity; PAC, 81.8% identity/93.2% similarity). Little sequence conservation is
seen between the Macrobrachium and Daphnia CLKSs in the coiled-coil region of the former
protein.

Reciprocal blasting of Dappu-CLK against the proteins curated in FlyBase identified CLK
(Flybase no. FBpp0076500) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Comparison of Dappu-CLK with all non-redundant protein sequences
curated by NCBI revealed the top five blastp hits to be insect CLK sequences, with a CLK
from the firebrat Thermobia domestica (BAJ16353) showing the highest similarity (Table
3); Drosophila CLK was not among these proteins (Table 3).
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3.1.3. CLOCKWORK ORANGE (CWO)—A single D. pulex gene (dappu-cwo) was
identified as encoding a putative CWO protein via a query using a D. melanogaster CWO
(AAF54527; Adams et al., 2000). The Genes 2010 gene model shows dappu-cwo to be
located on Scaffold 19 of the genome, with a predicted length of 3773 nucleotides (Table 1).

Figure 3 shows the alignment of the protein deduced from dappu-cwo (Dappu-CWO; 809
amino acids in overall length) with that of the Drosophila query (698 amino acids long).
Comparison of the sequence of Dappu-CWO with that of Drome-CWO revealed 23.9%
amino acid identity/51.4% amino acid similarity between the two proteins. SMART analyses
of Dappu-CWO and Drome-CWO identified a single HLH and a single orange domain
within each protein (Fig. 3); high levels of amino acid conservation were evident when the
Daphnia domains were compared to their Drosophila counter parts (HLH, 78.2% identity/
92.7% similarity; ORANGE, 37.5% identity/85% similarity).

Reciprocal blasting of Dappu-CWO against all proteins curated in FlyBase identified CWO
(Flybase No. FBpp0081723) as the D. melanogaster protein most similar to the Daphnia
query. Moreover, blastp comparison of Dappu-CWO with all non-redundant protein
sequences curated by NCBI revealed D. melanogaster CWO (AAF54527) as most similar to
this protein as well (Table 3); three of the top five blastp hits are D. melanogaster
sequences, the remaining two are also insect proteins (Table 3).

3.1.4. CYCLE (CYC)—A single D. pulex gene (dappu-cyc) was identified as encoding a
putative CYC protein via a query using a D. melanogaster CYC (AAF49107; Adams et al.,
2000). The Genes 2010 gene model shows dappu-cyc to be located on Scaffold 1 of the
genome, with a predicted length of 6473 nucleotides (Table 1).

Figure 4 shows the alignment of the protein deduced from dappu-cyc (Dappu-CYC; 654
amino acids in overall length) with that of the Drosophila query (413 amino acids long).
Comparison of the sequence of Dappu-CYC with that of Drome-CYC revealed 33.9%
amino acid identity/49.7% amino acid similarity between the two proteins. SMART analyses
of Dappu- and Drome-CYC identified a single HLH domain, two PAS domains and a single
PAC domain in each protein (Fig. 4). Comparisons of the D. pulex domains with those of D.
melanogaster show high levels of amino acid conservation in these portions of the proteins:
HLH, 71.4 % identity/95.2 % similarity; PAS1, 75.0 % identity/94.1 % similarity; PAS2,
59.7 % identity/91.9 % similarity; PAC, 53.8% identity/94.9 % similarity.

Reciprocal blasting of Dappu-CYC against all proteins curated in FlyBase identified CYC
(Flybase no. FBpp0074693) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Comparison of Dappu-CYC with all non-redundant protein sequences
curated by NCBI identified a CYC from the firebrat T. domestica (BAJ16354) to be the
most similar protein match (Table 3); no Drosophila proteins were among the top five blastp
hits (Table 3).

3.1.5. DOUBLETIME (DBT)—A single D. pulex gene (dappu-dbt) was identified as
encoding a putative DBT protein via a query using a D. melanogaster DBT (AAF57110;
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Adams et al., 2000). The Genes 2010 gene model shows dappu-dbt to be located on Scaffold
1 of the genome, with a predicted length of 2124 nucleotides (Table 1).

Figure 5 shows the alignment of the protein deduced from dappu-dbt (Dappu-DBT; 409
amino acids in overall length) with that of the Drosophila query (440 amino acids long).
Comparisons of the sequence of Dappu-DBT with Drome-DBT revealed 61.4% amino acid
identity/78.4% amino acid similarity between the two proteins. SMART analyses of Dappu-
DBT and Drome-DBT identified a serine/threonine kinase domain in each protein, the
sequences of which were nearly identical, i.e. 82.6% amino acid identity/96.2% amino acid
similarity (Fig. 5).

Reciprocal blasting of Dappu-DBT against all proteins curated in FlyBase identified DBT
(Flybase no. FBpp0085106) as the most similar D. melanogaster protein to the Daphnia
query (Table 2). Comparison of Dappu-DBT with all non-redundant protein sequences
curated by NCBI revealed a casein kinase le (an alternative name for DBT) from the ant
Camponotus floridanus (EEN64010) to be most similar to Daphnia DBT (Table 3); no
Drosophila proteins were among the top five blastp hits (Table 3).

3.1.6. PAR DOMAINE PROTEIN le (PDP1e)—A single D. pulex gene (dappu-pdple)
was identified as encoding a putative PDP1e protein via a query using a D. melanogaster
PDPle (AAF04509; Lin et al., 1997). The Genes 2010 gene model shows dappu-pdple to
be located on Scaffold 21 of the genome, with a predicted length of 4794 nucleotides (Table
1).

Figure 6 shows the alignment of the protein deduced from dappu-pdple (Dappu-PDPle;
350 amino acids in overall length) with that of the Drosophila query (351 amino acids long).
Comparisons of the sequence of Dappu-PDP1e with that of Drome-PDP1e revealed 39.6%
amino acid identity/63.5% amino acid similarity between the two proteins. SMART analyses
of Dappu-PDP1e and Drome-PDP1e identified a single basic region leucine zipper domain
in each protein, which were 67.7% identical/81.5% similar in amino acid composition (Fig.
6).

Reciprocal blasting of Dappu-PDP1e against all proteins curated in FlyBase identified PDP1
(Flybase No. EBpp0076495) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Interestingly, comparison of Dappu-PDP1e with all non-redundant protein
sequences curated by NCBI identified a rat protein (EDMO05669), likely a PDP1, to be most
similar to Dappu-PDP1le (Table 3), though the next three of the top five blastp hits were D.
melanogaster PDP1 isoforms (Table 3).

3.1.7. PERIOD (PER)—A single D. pulex gene (dappu-per) was identified as encoding a
putative PER protein via a query using a D. melanogaster PER (AAF45804; Adams et al.,
2000). The Genes 2010 gene model shows dappu-per to be located on Scaffold 47 of the
genome, with a predicted length of 5860 nucleotides (Table 1).

Figure 7 shows the alignment of the protein deduced from dappu-per (Dappu-PER; 1286
amino acids in overall length) with that of the Drosophila query (1218 amino acids long).
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Comparisons of the sequence of Dappu-PER with Drome-PER revealed 27.4% amino acid
identity/59.6% amino acid similarity between the two proteins. SMART analyses of Dappu-
PER and Drome-PER identified two PAS domains in each protein (Fig. 7), both of which
showed considerable amino acid conservation between the two proteins: PAS-1, 50.0%
amino acid identity/82.3% amino acid similarity; PAS-2, 47.3% amino acid identity/84.2%
amino acid similarity. In addition, SMART analysis identified a PAC domain within the
Drome-PER (Fig. 7) but not in Dappu-PER. Interestingly, the portion of Dappu-PER that
overlaps with the Drosophila PAC domain is 72.7% identical/93.2% similar in amino acid
composition to that of the Drosophila protein (Fig. 7).

Reciprocal blasting of Dappu-PER against the proteins curated in FlyBase identified PER
(Flybase No. FBpp0070455) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Moreover, blastp comparison of Dappu-PER with all non-redundant protein
sequences curated by NCBI showed the top five hits to be insect PER proteins (Table 3),
with an isoform from the cockroach Blattella germanica (AAN02439; Table 3) exhibiting
the highest similarity.

3.1.8. PROTEIN PHOSPHATASE 1 (PP1)—Two D. pulex genes (dappu-ppl a and
dappu-ppl b) were identified as encoding putative PP1 proteins via a query using a D.
melanogaster PP1 (CAA39820; Dombradi et al., 1990). The Genes 2010 gene model shows
dappu-ppl a and dappu-ppl b to be located on Scaffolds 145 and 12 of the genome,
respectively, with lengths of 2591 and 1972 nucleotides (Table 1).

Figure 8A shows the alignment of the protein deduced from dappu-ppl a (Dappu-PP1 A;
332 amino acids in overall length) with that of the Drosophila query (327 amino acids long).
Comparison of the sequences of Dappu-PP1 A with Drome-PP1 revealed 84.0% amino acid
identity/90.7% amino acid similarity between the two proteins. Comparison of the sequence
of Dappu-PP1 B (325 amino acids in overall length) with that of the Drosophila query with
that of Drome-PP1 revealed a similar level of amino acid conservation, i.e. 81.3% identity/
89.6% similarity (alignment not shown). Figure 8B shows the alignment of the two Daphnia
PP1s with one another. As can be seen from this panel, the two proteins are nearly identical
in amino acid sequences (84.3% identity/96.9% similarity in amino acid composition).
SMART analyses of Dappu-PP1 A, Dappu-PP1 B, and Drome-PP1 identified a single
serine/threonine protein kinase domain in each protein (Fig. 8A-B). The serine/threonine
protein kinase domain in each of the Daphnia proteins is nearly identical to that present in
their Drosophila counterpart: Dappu-PP1 A vs. Drome-PP1, 95.9% amino acid identity/
100% amino acid similarity; Dappu-PP1 B vs. Drome-PP1, 89.6% amino acid identity/
99.3% amino acid similarity. Similarly, this domain is highly conserved between the two
Daphnia proteins (91.5% identity/98.5% similarity).

Reciprocal blasting of Dappu-PP1 A and B against all proteins curated in FlyBase identified
isoforms of PP1 (Flybase nos. FBpp0084026 and FBpp0071382, respectively; Table 2) as
the most similar D. melanogaster proteins to the Daphnia queries. Comparison of the
Dappu-PP1s with all non-redundant protein sequences curated by NCBI identified a serine/
threonine-protein phosphatase alpha-1 isoform (of which PP1 is a family member) from the
ant C. floridanus (EEN69572) to possess the highest similarity score to Dappu-PP1 A
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(Table 3), with a PP1 from the zebra fish Danio rerio (CAD61270) being most similar to
Dappu-PP1 B (Table 3); no Drosophila proteins were among the top five blastp hits for
either of the Dappu-PP1s (Table 3).

3.1.9. PROTEIN PHOSPHATASE 2A (PP2A)

3.1.9.1. PP2A catalytic subunit - MICROTUBULE STAR (MTS): A single D. pulex
gene (dappu-mtr) was identified as encoding a putative PP2A catalytic subunit protein
(MTS) via a query using a D. melanogaster MTS sequence (AAF52567; Adams et al.,
2000). The Genes 2010 gene model shows dappu-mts to be located on Scaffold 13 of the
genome, with a predicted length of 2099 nucleotides (Table 1).

Figure 9A shows the alignment of the protein deduced from dappu-mts (Dappu-MTS; 308
amino acids in overall length) with that of the Drosophila query (309 amino acids long).
Comparisons of the sequence of Dappu-MTS with Drome-MTS revealed 64.4% amino acid
identity/90.3% amino acid similarity between the two proteins. SMART analyses of Dappu-
MTS and Drome-MTS identified a single protein phosphatase 2A catalytic domain in each
protein (Fig. 9A). Comparison of the sequences of these domains revealed 66.9% amino
acid identity/92.6% amino acid similarity between these two regions of the proteins (Fig.
9A).

Reciprocal blasting of Dappu-MTS against all proteins curated in FlyBase identified MTS
(Flybase no. FBpp0077017) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Comparison of Dappu-MTS with all non-redundant protein sequences
curated by NCBI revealed a serine/threonine-protein phosphatase 4 catalytic subunit from
the ant Harpegnathos saltator (EEN85419) to be most similar to Daphnia MTS (Table 3);
no Drosophila proteins were among the top five blastp hits (Table 3).

3.1.9.2. PP2A regulatory subunit

3.1.9.2.1. WIDERBORST (WBT): Two D. pulex genes (dappu-wbt a and dappu-wbt b)
were identified as encoding putative PP2A regulatory subunit proteins (WBTS) via a query
using a D. melanogaster WBT sequence (AAF56720; Adams et al., 2000). The Genes 2010
gene model shows dappu-wbt a and b to be located on Scaffolds 8 and 2 of the genome,
respectively, with a predicted lengths of 6199 and 4882 nucleotides (Table 1).

Figure 9B1 shows the alignment of the protein deduced from dappu-wbt a (Dappu-WBT A;
481 amino acids in overall length) with that of the Drosophila query (524 amino acids long).
Comparisons of the sequence of Dappu-WBT with Drome-WBT revealed 73.7% amino acid
identity/85.5% amino acid similarity between the two proteins. Alignment of Dappu-WBT B
with Drome-WBT revealed a lower level of amino acid conservation between these two
proteins, 52.6% identity/74.1% similarity (alignment not shown). Figure 9B2 shows the
alignment of the two Daphnia WBTS; these proteins are 50.5% identical/69.7% similar in
amino acid sequence. SMART analyses of Dappu-WBT A identified a single coiled-coil
domain; this domain was not predicted by SMART analyses in either Dappu-WBT B or
Drome-WBT, though in the former protein this region is 45.5% identical/69.7% similar in
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amino acid composition to that of Dappu-WBT A and in the latter protein 72.7%identical/
97.0% similar to that of Dappu-WBT A (Fig. 9).

Reciprocal blasting of Dappu-WBT A and B against all proteins curated in FlyBase
identified PP2A regulatory subunit isoforms (Flybase nos. FBpp0084579 and
FBpp0288759, respectively; Table 2) as the most similar D. melanogaster proteins to the
Daphnia queries. Comparison of the Dappu-WBTSs with all non-redundant protein sequences
curated by NCBI identified serine/threonine-protein phosphatase 2A 56 kDa regulatory
subunit isoforms from the ant C. floridanus to show the highest similarity scores to each of
Dappu-WBTs (Accession nos. EFN66909 and EFN69797, respectively; Table 3); while a
Drosophila isoform of WBT was among the top five blastp hits for Dappu-WBT A, none
were among the top hits for Dappu-WBT B (Table 3).

3.1.9.2.2. TWINS (TWS): A single D. pulex gene (dappu-tws) was identified as encoding a
putative PP2A regulatory subunit protein (TWS) via a query using a D. melanogaster TWS
sequence (AAF54498; Adams et al., 2000). The Genes 2010 gene model shows dappu-tws
to be located on Scaffold 43 of the genome, with a predicted length of 4157 nucleotides
(Table 1).

Figure 9C shows the alignment of the protein deduced from dappu-tws (Dappu-TWS; 443
amino acids in overall length) with that of the Drosophila query (499 amino acids long).
Comparisons of the sequence of Dappu-TWS with Drome-TWS revealed 71.5% amino acid
identity/83.6% amino acid similarity between the two proteins. SMART analyses of Dappu-
TWS and Drome-TWS identified six and seven WD40 domains in these proteins,
respectively (Fig. 9C). Comparison of the sequences of the shared WD40 domains, as well
as the region of the Daphnia protein corresponding to the sixth of the seven Drosophila
domains, revealed high degrees of amino acid conservation in these regions of the two
proteins: WDA40 1, 87.2% identity/100% similarity; WDA40 2, 90.2% identity/100%
similarity; WD40 3, 90.0% identity/95.0% similarity; WD40 4, 89.5% identity/94.7%
similarity; WD40 5, 87.2% identity/100 similarity; WD40 6 (no domain formally identified
by SMART in Daphnia), 75% identity/100% similarity; WD40 7, 94.7% identity/100%
similarity (Fig. 9C).

Reciprocal blasting of Dappu-TWS against all proteins curated in FlyBase identified TWS
(Flybase No. FBpp0081671) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Comparison of Dappu-TWS to all non-redundant protein sequences curated
by NCBI identified a beetle Tribolium castaneum protein (EFA10095) as showing the
highest similarity to the Daphnia query (Table 3); three Drosophila TWS isoforms were
among the top five blastp hits (Table 3).

3.1.10. SHAGGY (SGG)—A single D. pulex gene (dappu-sgg) was identified as encoding
a putative SGG protein via a query using a D. melanogaster SGG (AAN09084; Adams et
al., 2000). The Genes 2010 gene model shows dappu-sgg to be located on Scaffold 76 of the
genome, with a predicted length of 5712 nucleotides (Table 1).
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Figure 10 shows the alignment of the protein deduced from dappu-sgg (Dappu-SGG; 439
amino acids in overall length) with that of the Drosophila query (514 amino acids long).
Comparison of the sequence of Dappu-SGG with Drome-SGG revealed 64.8% amino acid
identity/77.6% amino acid similarity between the two proteins. SMART analyses of Dappu-
SGG and Drome-SGG identified a single serine/threonine kinase domain in each protein
(Fig. 10); the two serine/threonine kinase domains are nearly identical in amino acid
sequence, i.e. 89.5% identity/98.2% similarity. Reciprocal blasting of Dappu-SGG against
all proteins curated in FlyBase identified SGG (Flybase no. FBpp0070450) as D.
melanogaster protein most similar to the Daphnia query (Table 2). Comparison of Dappu-
SGG with all non-redundant protein sequences curated by NCBI revealed a glycogen
synthase kinase (of which SGG is family member) from the tick Rhipicephalus microplus
(ABO61882) to be the most similar protein match (Table 3); no Drosophila proteins were
among the top five blastp hits (Table 3).

3.1.11. SUPERNUMERARY LIMBS (SLIMB)—A single D. pulex gene (dappu-slimb)
was identified as encoding a putative SLIMB protein via a query using a D. melanogaster
SLIMB (AAF55853; Adams et al., 2000). The Genes 2010 gene model shows dappu-slimb
to be located on Scaffold 169 of the genome, with a predicted length of 2880 nucleotides
(Table 1).

Figure 11 shows the alignment of the protein deduced from dappu-slimb (Dappu-SLIMB;
510 amino acids in overall length) with that of the Drosophila query (510 amino acids long).
Comparison of the sequence of Dappu-SLIMB with Drome-SLIMB revealed 76.3% amino
acid identity/91.8% amino acid similarity between the two proteins. SMART analyses of
Dappu-SLIMB and Drome-SLIMB identified an FBOX domain and seven WD40 domains
in each protein (Fig. 11); the amino acid sequences of each of these domains is highly
conserved between the two species: FBOX domain, 80.0% amino acid identity/95.0%
similarity; WD40-1, 89.5% amino acid identity/94.7% amino acid similarity; WD40-2,
84.2% amino acid identity/94.7% amino acid similarity; WD40-3, 89.5% amino acid
identity/97.4% amino acid similarity; WD40-4, 94.7% amino acid identity/100% amino acid
similarity; WD40-5, 97.4% amino acid identity/100% amino acid similarity; WD40-6,
94.7% amino acid identity/100% amino acid similarity; WD40-7, 94.7% amino acid
identity/100% amino acid similarity.

Reciprocal blasting of Dappu-SLIMB against all proteins curated in FlyBase identified
SLIMB (Flybase No. FBpp0083434) as the D. melanogaster protein most similar to the
Daphnia query (Table 2). Interestingly, comparison of Dappu-SLIMB to all non-redundant
protein sequences curated by NCBI identified vertebrate proteins, all apparent members of
the E3 ubiquitin ligase family, as the top five blastp hits, with a mouse protein (BAE26547)
being the best match with the Daphnia sequence (Table 3).

3.1.12. TIMELESS—Eight D. pulex genes (dappu-tim a, dappu-tim b, dappu-tim ¢, dappu-
tim d, dappu-tim e, dappu-tim f, dappu-tim g, and dappu-tim h) were identified as encoding
putative TIM proteins via a query using a D. melanogaster TIM (AAN10371; Adams et al.,
2000). The Genes 2010 gene model shows dappu-tim a, dappu-tim b, dappu-tim ¢, dappu-
tim d, dappu-tim e, dappu-tim f, dappu-tim g, and dappu-tim h to be located on Scaffolds 24,
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6, 10, 6, 6, 24, 75, and 91 of the genome, respectively, with lengths of 14166, 5052, 3650,
5438, 5542, 11674, 2798, and 4537 nucleotides (Table 1).

Figure 12 shows the alignments of the protein deduced from dappu-tim a (Dappu-TIM A;
1197 amino acids in overall length) with that of the Drosophila query (1421 amino acids in
length). Comparison of the amino acid sequences of these two proteins revealed 29.8%
identity/60.1% similarity between the two TIMs. Comparisons of the other Daphnia TIMs
with Drome-TIM showed varying levels of amino acid conservation, with some nearly as
high as that seen between Dappu-TIM A and Drome-TIM, and others considerably lower:
Dappu-TIM B, 23.6% amino acid identity/52.0% amino acid similarity; Dappu-TIM C,
23.7% amino acid identity/47.8% amino acid similarity; Dappu-TIM D, 26.4% amino acid
identity/55.9% amino acid similarity; Dappu-TIM E, 23.4% amino acid identity/47.9%
amino acid similarity; Dappu-TIM F, 22.3% amino acid identity/51.1% amino acid
similarity; Dappu-TIM G, 14.2% amino acid identity/30.8% amino acid similarity; and
Dappu-TIM H, 21.3% amino acid identity/45.6% amino acid similarity (alignments not
shown). Alignment of the eight Daphnia TIM proteins to one another shows considerable
variation in sequence composition between the proteins (in the interest of space, this
alignment is provided only as an online supplemental figure [Supplemental Figure 1]). Table
3 provides pairwise comparisons of the amino acid identity/similarity of Dappu-TIM A-H.
No functional domains were identified by SMART analyses in Drome-TIM or any of the
Dappu-TIMs. Reciprocal blasting of eight Dappu-TIMs against all proteins curated in
FlyBase identified an isoform of TIM as the D. melanogaster protein most similar to each
Daphnia query (Flybase nos. FBpp0291971, FBpp0291971, FBpp0291971, FBpp0077254,
FBpp0291970, FBpp0077254, FBpp0291970 and FBpp0291970, respectively; Table 2).
Comparison of the Dappu-TIMs with all non-redundant protein sequences curated by NCBI
revealed each to be most similar to an insect TIM isoform (i.e. the butterfly Danaus
plexippus [AAR15505], the moth Antheraea pernyi [AAF66996], the beetle T. castaneum
[EFA04644], T. castaneum [EFAQ04644], D. melanogaster [ADV36936], D. melanogaster
[P49021], the fruit fly Drosophila virilis [017482], and the cricket Gryllus bimaculatus
[BAJ16356] for Dappu-TIM A-H, respectively; Table 3). In fact, the top five hits for each
of the Daphnia proteins were insect isoforms of TIM (Table 3).

3.1.13. VRILLE (VRI)—A single D. pulex gene (dappu-vri) was identified as encoding a
putative VRI protein via a query using a D. melanogaster VRI (AAF52237; Adams et al.,
2000). The Genes 2010 gene model shows dappu-vri to be located on Scaffold 92 of the
genome, with a predicted length of 2225 nucleotides (Table 1).

Figure 13 shows the alignment of the protein deduced from dappu-vri (Dappu-VRI; 676
amino acids in overall length) with that of the Drosophila query (729 amino acids long).
Comparison of the sequences of Dappu-VRI and Drome-VRI revealed 27.7% amino acid
identity/49.5% amino acid similarity between the two proteins. SMART analyses of Dappu-
VRI and Drome-VRI identified a single basic region leucine zipper domain in each protein
(Fig. 13); the amino acid sequence of this domain is highly conserved between the two
VRIs, i.e. 76.9% amino acid identity and 96.9% amino acid similarity.
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Reciprocal blasting of Dappu-VRI against all proteins curated in FlyBase identified VRI
(Flybase no. FBpp0289297) as the most similar D. melanogaster protein to the Daphnia
query (Table 2). Comparison of Dappu-VRI with all non-redundant protein sequences
curated by NCBI revealed a VRI from the butterfly D. plexippus (ATT86041) to be most
similar to Daphnia VRI (Table 3); two Drosophila VVRIs are among the top five blastp hits
for this query (Table 3).

3.2. Input pathway proteins

3.2.1. CRYPTOCHROME (CRY)—Four D. pulex genes (dappu-cry a, dappu-cry b,
dappu-cry ¢, and dappu-cry d) were identified as encoding putative CRY proteins via a
query using a D. melanogaster CRY (AAC83828; Emery et al., 1998). The Genes 2010
gene model shows that these genes are located on Scaffolds 40, 18, 10, and 7 of the genome,
respectively, with lengths of 2706, 4661, 3072 and 2052 nucleotides (Table 1).

Figure 14A shows the alignment of the protein deduced from dappu-cry a (Dappu-CRY A;
525 amino acids in overall length) with that of the Drosophila query (542 amino acids long).
Comparison of the sequence of Dappu-CRY A with Drome-CRY revealed 44.8% amino
acid identity/76.4% amino acid similarity between the two proteins (Figure 14A).
Alignments of Dappu-CRY B, Dappu-CRY C and Dappu-CRY D with Drome-CRY also
revealed high levels of structural homology between the proteins: Dappu-CRY B vs. Drome-
CRY, 37.6% amino acid identity/69.1%; Dappu-CRY C vs. Drome-CRY, 38.2% amino acid
identity/69.9% amino acid similarity; Dappu-CRY D vs. Drome-CRY, 24.4% amino acid
identity/59.6% amino acid similarity (alignments not shown). Figure 14B shows the
alignment of the four Daphnia CRY's with one another. As this panel shows, the four
proteins show considerable variation in amino acid composition. Table 4 provides pairwise
comparisons of the amino acid identity/similarity of Dappu-CRY A-D. No functional
domains were identified by SMART analyses in Drome-CRY or any of the Dappu-CRYSs.

As discussed in Section 1, along with CLK, CRY is the only other circadian protein for
which a crustacean family member is known, i.e. an isoform from the Antarctic krill E.
superba (Mazzotta et al., 2010). Alignments of the Daphnia CRY's with Eupsu-CRY, show
similar levels of amino acid conservation to that seen for alignments with the Drosophila
protein: Dappu-CRY A vs. Eupsu-CRY, 36.0% identity/69.5% similarity; Dappu-CRY B vs.
Eupsu-CRY, 67.1% identity/88.6% similarity; Dappu-CRY C vs. Eupsu-CRY, 47.2%
identity/76.5% similarity; Dappu-CRY D vs. Eupsu-CRY, 26.8% identity/58.9% similarity
(alignments not shown).

Reciprocal blasting of four Dappu-CRY's against all proteins curated in FlyBase identified
members of the CRY/6-4 photolyase family as the most similar D. melanogaster proteins to
the Daphnia queries. For Dappu-CRY A, CRY (Flybase no. FBpp0083150) was found to be
the most similar Drosophila protein to the query sequence, while the remaining three
sequences were found to be most similar to 6-4 photolyase (Flybase no. FBpp0080935).
Comparison of the Dappu-CRY's with all non-redundant protein sequences curated by NCBI
revealed each to be most similar to a CRY protein, though all are more similar to isoforms
from other species than they are to Drosophila proteins (i.e. the cricket Dianemobius
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nigrofasciatus [BAF45421], the mosquito Anopheles darlingi [EFR20390], the clawed frog
Xenopus tropicalis [AAI66277], and the European seabass Dicentrarchus labrax
[CBN81995]) for Dappu-CRY A-D, respectively). Based on the results of our blastp
analyses (Table 3), it would appear that Dappu-CRY A is a homolog of the Drosophila-type
or CRY1 subfamily, with Dappu-CRY B being a homolog of the vertebrate-type or CRY?2
subfamily; alignments of Dappu-CRY A and B with CRY1 and CRY2 of the butterfly D.
plexippus, respectively, are shown in Figure 15. Dappu-CRY D appears most similar to
members of the CRY DASH subfamily (Table 3). It is unclear as to which subfamily of the
CRY/6-4 photolyase superfamily Dappu-CRY C is a member (Table 3).

3.3. Output pathway proteins

3.3.1. PIGMENT DISPERSING HORMONE RECEPTOR (PDHR)—A single D. pulex
gene (dappu-pdhr) was identified as encoding a putative PDHR via a query using a D.
melanogaster pigment dispersing factor receptor (PDFR; AAF45788; Adams et al., 2000).
The Genes 2010 gene model shows dappu-pdhr to be located on Scaffold 1 of the genome,
with a predicted length of 4621 nucleotides (Table 1).

Figure 16 shows the alignment of the protein deduced from dappu-pdhr (Dappu-PDHR; 516
amino acids in overall length) with that of the Drosophila query (669 amino acids long).
Comparison of the sequence of Dappu-PDHR with that of Drome-PDFR revealed 32.7%
amino acid identity/55.0% amino acid similarity between the two proteins. SMART analyses
of Dappu-PDHR and Drome-PDFR identified seven transmembrane domains (TMDs) in
each protein (Fig. 16). The amino acid sequences of these TMDs are highly conserved
between the two proteins: TMD1, 52.2% amino acid identity and 87.0% amino acid
similarity; TMD2, 72.2% amino acid identity and 94.4% amino acid similarity; TMD3,
72.7% amino acid identity and 95.5% amino acid similarity; TMD4, 47.4% amino acid
identity and 78.9% amino acid similarity; TMD5, 55.5% amino acid identity and 95.0%
amino acid similarity; TMD6, 72.2% amino acid identity and 83.3% amino acid similarity;
TMD7, 81.8% amino acid identity and 100% amino acid similarity. In addition, a single
hormone receptor domain was identified in Dappu-PDHR; this domain is absent in Drome-
PDFR, though the corresponding region of this protein is 35.8% identical/58.9% similar to
its Daphnia counterpart (Fig. 16).

Reciprocal blasting of Dappu-PDHR against all proteins curated in FlyBase identified PDFR
(Flybase No. FBpp0099841) as the D. melanogaster protein most similar to the Daphnia
query (Table 2). Comparison of Dappu-PDHR to all non-redundant protein sequences
curated by NCBI identified a PDHR from the penaeid shrimp Marsupenaeus japonicus
(BAHB85843) as the top protein match for the query; three Drosophila proteins were also
among the top five blastp hits identified via the Daphnia protein (Table 3).
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4. Discussion

4.1. Genome mining identifies a putative set of putative circadian proteins in Daphnia

pulex

Over the last decade, genome mining has become a major method for protein discovery in
both vertebrates and invertebrates. At present, the only crustacean genome that has been
fully sequenced and is available for public use is that of the cladoceran D. pulex (Colbourne
et al., 2005; Bauer, 2007; Stollewerk, 2010; Colbourne et al., 2011; Tautz, 2011). Recently,
this resource has been used for protein discovery in this species, providing detailed
information on the structures of molecules involved in many physiological/behavioral
processes, for example, steroid biosynthesis and innate immunity (Rewitz and Gilbert, 2008;
McTaggart et al., 2009).

In the study presented here, we have used the D. pulex genome to mine for proteins that may
be involved in the control of circadian rhythmicity in this species. Specifically, we used the
sequences of known Drosophila circadian proteins to query the Daphnia genome for
putative ortholog genes and their encoded proteins. Using this strategy, a number of putative
D. pulex circadian genes and their proteins were identified and characterized, including
those likely involved in the establishment of the core clock, i.e. PER, TIM, CLK, CYC and
CRY2, as well as proteins in their post-translational modifications and degradation, i.e.
DBT, CK2, SGG, PP2A, PP1 and SLIMB. Moreover, genes and proteins putatively
involved in setting the phase and amplitude of the core clock were identified, i.e. PDP1, VRI
and CWO, as were orthologs of the blue-light receptor protein CRY1, which likely function
as input pathways to the core clock, synchronizing it to the solar day, and PDHR, which may
serve to transduce one of the clock’s output signals. Taken collectively, this collection of
genes/proteins represents the first putative set of circadian proteins thus far described from
any crustacean.

4.2. Several Daphnia circadian genes appear to exhibit extensive gene duplications

Overall, Daphnia have an unusually high level of gene duplication in comparison with the
other arthropods for which genomic databases exist (Colbourne et al., 2011). In fact, only in
aphids has a similar level of gene duplication been noted (Huerta-Cepas et al., 2010; Ollivier
et al., 2010; Shigenobu et al., 2010); both Daphnia and aphids are cyclical parthenogens
(Cortés et al., 2008). The purpose of gene redundancy in these and other species is generally
not well understood. For some genes, the encoded protein isoforms may be nonfunctional,
may have different kinetic properties for the same substrate, or may have novel functions
(Force et al., 1999). It is also possible that the protein isoforms may be expressed in a life
stage-specific manner (development, diapause, reproduction), or that their expression is
tissue-specific. Multiple genes, and hence protein isoforms, may help an organism adjust to
shifting environmental conditions, e.g. changes in salinity, oxygen levels, or temperature.

As discussed in Section 1, a defining parameter of circadian rhythms is temperature
compensation, the molecular basis of which is not well understood (Salomé and McClung,
2005; Salomé et al, 2010). Tomaiuolo et al. (2008) constructed a mathematical model based
on two splice variant isoforms of the p-subunit of Drosophila CKII that differ in kinetic
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rates of PER phosphorylation. This model suggests that through dynamic regulation of the
proportions of the two B-subunit isoforms expressed, an increase in robustness of the
circadian clock can be predicted. Two per alleles exist in wild populations of D.
melanogaster, with population differences in frequency that vary by latitude (Sawyer et al.,
1997). The PER proteins have different thermokinetic properties that may be involved in the
circadian clock temperature compensation. Likewise, in a northern-latitude Drosophila
population, the tim mutation, Is-tim, has been shown to adjust photoresponsiveness in this
more seasonally-variable environment (Sandrelli et al., 2007). The multiple Daphnia PP1,
PP2A-WBT and TIM variants predicted here may likewise possess different kinetic
parameters to offset temperature, salinity, oxygen, and/or other environmental variables.

4.3. Conservation of structural domains suggests Daphnia possesses an insect-like
molecular clock, but organized more like that of butterflies and mosquitoes than of

Drosophila

In our study, putative homologs to most of the known Drosophila circadian proteins were
identified in D. pulex. Structural domains in both the Daphnia and Drosophila proteins were
analyzed via the online program SMART (Schultz et al., 1998; Letunic et al., 2009). While
we realize that not all of the domains/functional regions that have been reported for the
Drosophila circadian proteins are detected via this program (e.g. Saez and Young, 1996;
Ousley et al., 1998; Chang and Reppert, 2003; Lin and Todo, 2005), those that were, for the
most part, appear to be highly conserved between the two species’ putative homologs;
significant amino acid variation was noted outside of functional regions for several proteins.
Even where discrepancies were noted, e.g. a PAC domain identified in Drome-PER but not
in Dappu-PER, the corresponding regions of the two proteins were often very similar in
amino acid composition (in the case of the PER PAC domain 72.7% identical/93.2%
similar). Interestingly, blast analyses of the Daphnia sequences show them to be, for the
most part, more similar to proteins identified from other species than they are to Drosophila.
Moreover, the presence of both CRY1 and CRY?2 in Daphnia suggests that its molecular
clock is likely organized more similar to that recently described for butterfly and mosquito
(e.g. Zhu et al., 2005; Yuan et al., 2007; Zhu et al., 2008) where CRY1 is proposed as a
photosenstive input to the clock and CRY2 is core clock protein (functioning to repress of
CLK/CYC-mediated transcription), than it is to Drosophila (which possesses only CRY1).

4.4. Potential cellular locus and output signals of a Daphnia neuronal clock

All circadian systems have three functional components: a core clock, which is responsible
for time keeping, input pathways that act to synchronize the clock to the environment, and
output pathways that transmit the timing information from the clock for the control of
physiology and behavior. Here we have identified a protein that may function as the input to
a Daphnia clock, i.e. an isoform of CRY1, as well as proteins that may act to establish the
core molecular clock itself, i.e. PER, TIM, CLK, CYC, CRY2, DBT, SGG, VRI, etc. To be
determined, however, are possible output pathways from the Daphnia clock that would
signal the timing information necessary to establish circadian rhythms in physiology and
behavior in this species.
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As the cellular location of the core circadian clock (or clocks) in D. pulex is unknown, it is
difficult to postulate how output signals would be generated in, and transmitted from, this
timekeeper. This said, work conducted on other species (both invertebrate and vertebrate)
would suggest that circulating hormones are an important part of the Daphnia clock’s output
pathway, mediating the expression of the overt circadian rhythms present in this species.
One possibility is that hormones are released directly from the clock cells themselves;
alternatively, the clock cells may project to and innervate relay sites, likely endocrine
organs, which are the sources of the hormonal signals. Regardless of locus, in insects,
several peptide hormones have been shown to be key components of circadian signaling
systems, particularly pigment dispersing factor (PDF), a member of the pigment dispersing
hormone (PDH) family; PDF is present in a number of known circadian clock neurons in
Drosophila (for review see: Allada and Chung, 2010; Tomioka and Matsumoto, 2010).

Recent transcriptome and genome mining in D. pulex has identified a homolog of PDF/PDH
in this species, NSELINSLLGLPRFMKVVamide (Gard et al., 2009; Christie et al., 2011).
Moreover, immunohistochemistry using an antibody generated against p-PDH
(NSELINSILGLPKVMNDAamide) labels a small set of neurons (~8 somata) that are
distributed throughout the brain/optic ganglia of D. pulex (Gard et al., 2009). While
currently speculation, the role of PDF as a signaling agent, and hence marker, for some
clock cells in the brain of Drosophila suggests that PDH-immunopositive neurons in the
brain of D. pulex may represent at least a subset of the cellular loci for a circadian neuronal
pacemaker in this species, a hypothesis recently strengthened by the finding of circadian
patterns of activity in at least some of these cells (Straup et al., 2011).

In addition to PDF, a number of other hormones, primarily peptides, have been implicated in
circadian signaling in insects. For example, corazonin, crustacean cardioactive peptide
(CCAP) and diapause hormone have all been suggested as possible output signals from
insect clock systems (e.g. Sehadova et al., 2007); isoforms of both corazonin and CCAP
have been predicted from the D. pulex transcriptome and/or genome (Gard et al., 2009;
Christie et al., 2011). Likewise, several peptide hormones have been shown to, or are
postulated to show, circadian rhythms in their cycling in decapod crustaceans (Strauss and
Dircksen, 2010), i.e. red pigment concentrating hormone and crustacean hyperglycemic
hormone. Transcriptome and genome mining in D. pulex suggests that these hormonal
systems too are present in this species (Gard et al., 2009; Christie et al., 2011). In fact, via
transcriptome and genome mining over 100 peptide hormones have recently been identified
in D. pulex (Gard et al., 2009; Christie et al., 2011). Here we have identified a putative PDH
receptor protein, which, if we are correct in the peptide being a circadian signal in Daphnia,
may function to transduce at least one of the core clocks output signals for the control of
physiology and behavior in this species.

5. Conclusions and future directions

Circadian rhythms in physiology and behavior have been documented in numerous
crustacean species; however, little is known about the molecular and/or cellular machinery
underlying them in any member of this arthropod subphylum (Strauss and Dircksen, 2010).
This said, their well-mapped nervous systems and amenability to in-depth
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electrophysiological and molecular investigations make them an optimal group of animals
for studying circadian biology. Moreover, the fact that many intertidal crustaceans exhibit
both circadian and circatidal rhythms make these animals an ideal model to explore possible
interactions between circadian and circatidal signaling systems, including whether these two
timekeeping systems use common or distinct molecular and/or cellular components.

Clearly the first step toward understanding circadian signaling in any species is obtaining
knowledge of the molecules required for the establishment of the core clock. Here, we have
achieved this milepost for the cladoceran crustacean D. pulex using a strategy combining
genome mining and phylogenetic comparisons to known previously identified circadian
proteins. D. pulex is now the only crustacean for which a putative set of circadian genes and
proteins are known. With these data, we are now positioned to begin functional studies
directed at determining if the mRNAs of the identified genes cycle in a circadian fashion
and, if so, whether these rhythms are similar to those seen in insects. Similarly, the proteins
deduced from these identified genes now allows for the generation of Daphnia-specific
antibodies to these molecules, which will be useful both for mapping the distribution of
these proteins and for determining if they cycle in manners similar to their insect
counterparts. Finally, the identification of the D. pulex circadian genes described here now
provide targets for knockdown experiments designed to elucidate the functional roles their
encoded proteins play in the establishment of circadian signaling in this and other crustacean
species.
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A. Drosophila vs. Daphnia CASEIN KINASE II (CKII) a-subunit

Drome-CKII o MTLPSAARVYTDVNAHKPDEYWDYENYVVDWGNQDD){0) AT4:3:¢ #e) (e 945) AT 579 8. b i il i
Dappu-CKII o MPLASQARVYADVNLHRAREYWDYESHVIEWGEQDD){0)Ajd e fe){e) 94 AP WR\ATAY
*.*.* *hkkkgkkk *:_ ******.z*::**:***********************:_*.
Drome-CKII o [EKCVVKILKPVKKKKIKREIKILENLRGGTNIITLLAVVKDPVSRTPALIFEHVNNTDF
Dappu-CKII o [EKCVVKILKPVKKKKIKREIKILENLRGGTNIITLQAVVKDPVSRTPALIFEHVNNTDF
khkkhkkhkkhkhhkhkhkhkhhkhkhhhhhkhkhhhkhhdhhhhkhhhhkhdhd dhhdddddddddddhhddddhdkdxx
Drome-CKII o OLYQTLTDYEIRYYLFELLKALDYCHSMGIMHRDVKPHNVMIDHENRKLRLIDWGLAEFY|
Dappu-CKII o LLYOQTLTDYDIRFYLYELLKALDYCHSMGIMHRDVKPHNVMIDHENRKLRLIDWGLAEFY]
********:**:**:********************************************
Drome-CKII o HPGQEYNVRVASRYFKGPELLVDYQOMYDYSLDMWSLGCMLASMIFRKEPFFHGHDNYDOQL,
Dappu-CKII o [HPGQEYNVRVASRYFKGPELLVDYQOMYDYSLDMWSLGCMLASMIFRKEPFFHGHDNYDOQL)
khkkhkkhkkhkhkhkhkhkhkhkhkhkhhhhhkhkhhkhkhhhhhhhhhhkhkhdhhhhhhhhddddhdhdhhhhhddddkdkdx%x
Drome-CKII o RIAKVLGTEELYAYLDKYNIDLDPRFHDILORHSRKRWERFVHSDNQHLVSPEALDFLD
Dappu-CKII o RIAKVLGTEELFEYLDKYQIELDPRFNDILGRHSRKRWERFVHSENQHLISPEALDFLD
************: *****:*:*****:*** *************:****:*********
Drome-CKII o KLLRYDHVDRLTAREAMAHPYFIA 2 av e/ EEEEEEE Tty MNPNN--=—m e e e
Dappu-CKII o 1OR A () H AR IHNI) A4 YPIVKEQNRLASLSTSPTLLPPGTSVGGGTSGGAGPSG
khkkhkk ghkhhkhkhd *hkk hkkg * s k..
Drome-CKII o ---00
Dappu-CKII o GGPSQ

B. Drosophila vs. Daphnia CKII f-subunit

Drome-CKII f MSSSEEVSWVIWFCGLRGNEFFCEVDEDYIQDKFNLTGLNEQVPNYRQALDMILDLEPED
Dappu-CKII f MSSSEEVSWISWFCGLRGNEFFCEVDEDYIQDKFNLTGLNEQVPHYRQALDMILDLEPDD
hhkkkkkhkhhgghhhhhhhhhhhhhhhhhkhhhhhkkkkhhhhkk ghhhhkkkkkkkhkkk g %
Drome-CKII f ELEDNPLQOSDMTEQAAEMLYGLIHARYILTNRGIAQMIEKYQTGDFGHCPRVYCESQPML
Dappu-CKII f DVEDNPNQSDLIEQAAEMLYGLIHARYILTNRGILOMLEKYHAGDFGHCPRVYCENQLML
sakkkk kkkg kkkkkkkkhhkhhhhhkkkhhhd *hghhhgokhhhhhhhhhhhh % %%
Drome-CKII f PLGLSDIPGEAMVKTYCPKCIDVYTPKSSRHHHTDGAYFGTGFPHMLFMVHPEYRPKRPT
Dappu-CKII f PIGLSDVPGEAMVKLYCPKCMDVYTPKSSRHHHTDGAYFGTGFPHMLFMVHPEYRPKKPT
Kokkkkghhhhhhh Fhhkhkhkghhhhhhhhhhhhhhhhkhhhhkkhhhhhhkhkhkhhkk g k%
Drome-CKII f NQFVPRLYGFKIHSLAYQIQLOAAANFKMPLRA-————— KN
Dappu-CKII f NQFVPRLYGFKIHPLAYQIQQOQOGASNFKVPMRTVSYNNGRK

khkkkkkhhkkhdhhk Kdhkhdhk * *gkhkghkgky e

Figure 1.

1duosnuel Joyiny vd-HIN

Putative Daphnia pulex CASEIN KINASE Il (CKII) a- and B-subunit proteins. (A) Alignment of Drosophila melanogaster
CKII a-subunit (Drome-CKII a) with D. pulex CKII a-subunit (Dappu-CKIl a). (B). Alignment of D. melanogaster CKII -
subunit (Drome-CKIlI B) with D. pulex CKII p-subunit (Dappu-CKII B). In the line immediately below each sequence grouping,
stars indicated amino acids that are identically conserved, while single and double dots denote amino acids that are similar in
structure. In this figure, serine/threonine kinase catalytic domains predicted by SMART analyses are highlighted in red.
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A. Drosophila vs. Daphnia CLOCK (CLK)
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Dappu-CLK
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Drome-CLK
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M JKDDTKSFLCRKS:
MSVKSQPCGLTSSKLKKATASKISDDGLEDEVDEKGVIKRKS

kk  gkg Kk Kk 3 kkkkkkkKkRRKRKKKK *

KVFE~IQQODWKPAFLSNDEYTHLML
ISHCQESVQEDWKPSFLSNEEFTHLML

k spa.k, kkkkkkkakkkgkakgakkhg Kk 3k ok phykkkkghkkkkgkghhkkk

ESLDGFMMVFSSMGSIFYASESITSQLGYLPODLYNMTIYDLAYEMDHEALLNIFMNPTP
EALDEFIIVFSSTGKILYVSENITCLLGHTPSDLIGSSLSDLVWEEERIVVESLLGSWGA

Hphk Kgohdhh A kph kdkokdk, hdg R kR o opp Hhoek g L2 o382 . .

VIEPRQTDISSSNQITFYTHLRRGGME~~KVDANAYELVKFVGYFRNDTNTSTGSSSEVS
DHESSQVTGNKENHISLSCHLRRGNLSDANFESSNYELVFFSGYYRVQGNPDISSVSRVS

K, kL L. kaskaa  kkkkk 3, 3 z3, KEKR K kkgk 3 K Kk K k%
NG----SNGQPAVLPRIFQONPNAEVDKKLVFVGTGRVONPOLIREMSIIDPTSNEFTSK
ESTNFGDALSQYN. GLVFVASARLQTPQLSVEMSIVDVSKSEFTSR

* s * ok KhkkK g kak kKK kkkkgk 3 kkkkg

HSLEWKFLFLDHRGPPIIGYLPFEVLGTSGYDYYHVDDLEKVSTCHEALMOKGEVT[s9}{

Kk gkkkhhhhRkh KhK KKK ghkhk kR ARk Rk hkk Khkg g pghhkk % K k% _*k *

RFLTKGQOWIWLOTDYY' HOFNSKPDYVVCTHKVVSYAIRYR O L) G Helo) ole) L) 5
RFLTKGQOWIWLOTKYYITYHOWYSKPEFIVCSHRVISYNAGe) 128 9850340 Tedrle)ig de]

KRRk KK KKK KKRKK ko kky Kk * k_ g3k 3

nsmmmnmnmmnvmrsa!ntmnnms:vmunqmnc

T-NNGSSKVIASTGTSSKSASATTTLRDFEL----SSONLDSTLLGNSL————====—==
TPNTPTSKQLKSEYKSGLSHGKNAKTDDRNVLQDDSNRNQKRNMITNQSNRDRMKNNKQN

* ok, gkk g ok R,k 3, $s LSS L E

——————————— ASLGTETAATSPAVDS ~~~~~SPMWSASAV~~~~-QPSGSCQINPLKTS

YHHNVRQHQPNSSMSDAQPPESPSGESVMLRPPPLPTTESMPQHSRHPSGSSRV- G
Sz 1 o WG Gk ¥ ozzazs FRERR 33 .

RPASSYGNISSTGISPKAKRKCYFYNNRGNDSDSTSMSTDSVTSROSMMTHVSSQSOROR
TALSDTGSISSSG SFQSAASMQSDQSMHSIHSHNSMQSVHGQ

Lok, Kk kkkgk * Lps Kk gk Kk kg gk k k% g

SHHREHHRENHHNQS - - ~H|
QTQOATPTFRSSNQSCSVHSCVNTNHOHONKQPQPQFVNONSFTSANNMOMRNTGOLVHT

. oa: * kK * g3 pakkkkgk Kk Kk 1: Kppa  kk k%
IGTPKHV—---PLLPIASTQIMAGNACQFPQP ----------------- AYPLASPQLVA
QSRGGEVHSNLSLSTPVSTSSISNTGHRFLQPRVNSGSSVRRTFLSGTSPTPVPTSNSAS

* k%, ss sk Kk *s..8 .2

PTFLEPPQYLTAIPMQPVIAPFPVAPVLSPLPVQSQTDMLP-DTVVMTP
SSGASFTYQSVSIGHEGSGVALPVQRIIEGLPVVTLPGIVAHEPIIMTAGQREFHERLRI

s 1% kg thkk gy, kkk 3 e Trkk, *

SRYTYLQPM-~--MSMGFAPGNMTAAAV-GNLGASG
KHLBIQKSILAQQEELRRVETELLLAQYGAWGPTVLKMTVPYAETDGTASATQPTVLSTG
kk kgkk kk kkgkkk Kk ghkkkggh ke sk g kkgk s sk

QRGLNFTGSNAV- - -QPOFNQYGFALNSEQMLNQQDOOMMMOQQONLHTQHOHNLOOQHO
GLVTCLTTENSISLGQPSSSQVGNS~SAGSMTFSPGTPILVQSPPELHTRSPERDFLSHE

% L kgg *k, Lk ko3 s, T T L T Lk
S_D
IQILLAQSLLQODN

3 * % bl 3

IDDIDAFLNLSPLHSLGSQSTINPFNSSSNNNNQSYNGGSNLNNGNONNNNRSSNPPONN

NEDSLLSCMQMATESSPSINFHMGI LV000000000001

LOQHOQOSNSFFSSNPFLNSQNONONQLPNDLEILPYQOMSQEQSONLFNSPHTAPGSSQ
PTSIEYLP
kL gk Kk

B. Macrobrachium vs. Daphnia CLK
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Macro-CLK M. DDDADEKDDVKRKS RNESEKKRRDOFNLLINE
Dappu-CLK MSVKSQPCGLTSSKLKKATASKISDDGLEDEVDEKGVI KRKSRNLSEKKRRDQFNILINE
B JEREkK | skkkkkkkkhkhkhkhkkhkhkkkghhhk
Macro-CLK ESSHMVASNNRKMDKSTVLKATIAF LKNOKEISVRTQSNE - IREDWKPSFLSNEEFTHLML
Dappu-CLK LCSMVCTGKRKMDKSTILKSAISFIRNHNOVIMOSHCQESVQEDWKPSFLSNEEFTHLML
k kkk g, skkkkkkkskkgakahsakasasssssss.ak gsakhkkkkhkhkkkhhkhhkkk
Macro-CLK EALDGFIMTVSCSGRVLYTSESITPLIGHLPSDLAGTPLYDLMLEEERGEMRRFLSNPAL
Dappu-CLK EALDEFIIVFSSTGKILYVSENITCLLGHTPSDLIGSSLSDLVWEEERIVVESLLGSWGA
kkkk kkg, Kk sksekk kk kk Kkgkk kkkk kg Kk kkg kkkkx o ek,
Macro-CLK APNPSTCFDNTKEKYTIAVHLRRGTINSS--DATNYERVHLMGYFERYSGPSEDGVLDFS
Dappu-CLK DHESSQVTGNKENHISLSCHLRRGNLSDANFESSNYELVFFSGYYRVQGNPDISSVSRVS
t.* aFozsr psy KEkER o, 2 spakEkk kg kkg, eeFL L0k X
Macro-CLK CSEAEDSVSVSSCSRSMFGGNAGGGVTGSSNAGSGLCQSSLVQTNPSQEPTKLVFVAIGR
Dappu-CLK SSWGDDSKE STNFGDALSQYN--—==—————— GLVFVASAR
JE o Lskx kek Kk k Kk *hkkkk K
Macro-CLK LERPQLVREMMIIEPSKTEFTSRHSLEWKFLFLDHRAPTIIGYLPFEVLGTSGYDYYHVE
Dappu-CLK LOTPQLSVEMSIVDVSKSEFTSRHSLEWKFLFLDHRGPPIIGYLPFEVLGTSGYDYYHVD
*g kk%k *k kgy Khkghkkkkhkhkkkhkhkhhkhhhkhkk ok Khkkkhkkkkkkkkkkhkkkkkkg
Macro-CLK 10 #)) 477: G181 {0 Al 1eN e (e SCYYRFLTKGQOWIWLOTQYY ITYHOQWNSKPEFIVCTNT
Dappu-CLK 1A QT8 17N A L () (O ARS CCYRFLTKGOQOWIWLOTKYYITYHOWYSKPEFIVCSHRVI|
khkgkkgaokhdhk *kg kg Khhkk Fhkkkkkkkkhhkhkkhkkghhhhhhhkdk *khkkkhhhkgy *g
Macro-CLK IDVKAELVKEQMPNGLSELEINQSESSMGLSGAGPSGTNSMSGQTGVGVGVSVSVSGV
Dappu-CLK VIGHPLK-=====—————— IESEESCDQVPGTPNTPTSKQLKSEYKSGLS ——————
R R PN A sERE K P R R
Macro-CLK QEHSQSQLSEEDTSLQPARTPQPGPSHLLLQHQHQEHNIPQTHLP
Dappu-CLK ~~HGKNAKTDDRNVLODDSN=-========= RNOQKRNMITNQSNRDRMKNNKONYHHNVRQ
*ot. ot K% . EEE ] *s skseky ok ¥
Macro-CLK BO000000000000R00000 -
Dappu-CLK HQPNSSMSDAQPPESPSGESVMLRPPPLPTTESMPQHSRHPSGSSRVGTALSDTGSISSS
ER I S T R I $. *Fr.z: oL .. .2 « eee
Macro-CLK
Dappu-CLK GSFQSAASMQSDQSMHSIl-lSHNSMQSVHGQQTQQATPTFRSSNQSCSVHSCVNTNHQHQN
. o F PN L T RS R I R R DR L]
Macro-CLK BO000000000 - - - - SONO0POEOPREOOO0R TOCMPOQTLOLAAPSSPSSKISCSPS
Dappu-CLK KQPQPOFVNONSFTSANNMOMRNTGQLVHTQSRGGEV-~-HSNLSLSTPVSTSSISNTGHR
EE R A EER L : TelF Kok Kk kx
Macro-CLK SKQTARRWCSKITRYFKCRTTI
Dappu-CLK FLOPRVNSGSSVRRTFLSGTSPTPVPTSNSASSSGASFTYQSVSIGMEGSGVALPVQORII
*. o Ko kx| kg
Macro-CLK
Dappu-CLK EGLPVVTLPGIVAHEPIIMTAGQREFHERLRIKHLEIQKSILAQQEELRRVETELLLAQY
Macro-CLK SW: PSVSK
Dappu-CLK GAWGPTVLKMTVPYAETDGTASATQPTVLSTGGLVTCLTTENSISLGQPSSSQVGNSSAG
s *k kg
Macro-CLK
Dappu-CLK SMTFSPGTPILVQSPPELHTRSPERDFLSHEIQILLAQSLLODNPTSIEYLP
Figure 2.

Putative Daphnia pulex CLOCK (CLK) protein. (A) Alignment of Drosophila melanogaster CLK (Drome-CLK) with D. pulex
CLK (Dappu-CLK). (B). Alignment of Macrobrachium rosenbergii CLK (Macro-CLK) with Dappu-CLK. In the line
immediately below each sequence grouping, stars indicated amino acids that are identically conserved, while single and double
dots denote amino acids that are similar in structure. In this figure, helix-loop-helix, PAS, PAC and coiled-coil domains
identified by SMART analyses are highlighted in green, light blue, blue, and pink, respectively.
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Drosophila vs. Daphnia CLOCKWORK ORANGE (CWO)

Drome-CWO MEP---YWNETNGHAAHPVKYESEAAVSSFPYCT-——mmm—m————u ES---SLNFSTSA
Dappu-CWO MMTLLITW-=—=—=———— LLHVITVSVATGFPNFSLWVNKLLNFLKQKETRGWNLNF---A
* 5 * sie 3T SamEs®E 3 *3 Skl *
Drome-CWO TAYSEDDAEYATGRRNKTSRQDPLSHRIIEKRRRDRMNSCLADLSRLIPPOYORKGRGRI
Dappu-CWO AIGSEDEEAYSNFSKKTKSARDPQSHRITEKRRRDRMNNCLADLSRLLPSAYMKKGRGRI
. kkkg *s, $t..k shk kkkkkkkhkhhhhkk Khhkhhkhkkhkkgk, Kk ghkkkkkk
Drome-CWO EKTEIIEMAIRHLKHLO-SECQOQOKES—————————————o—e—— DYRSGYMDCMKEAAKFL
Dappu-CWO EKTEIIEMTIKHMKHLOVHACKEMESCEIAVOMEQLHSNTKSDQYRSGFLECITETVQFI
********:*:*:**** *:: * % ’****"'*:.*:.:*’
Drome-CWO —=—-YDVH-—-——-- MODFCHRLLGRLOEHIDEM---—- - —m e e e e e e FKTDCYK
Dappu-CWO GHHQADHHGPFYPGDDFGSRLVAHLHNHYEKIGRESYACFASIIFRLKLVFLEFYPVIYF
* % :** **:.:*--* s * . *
Drome-CWO STRSCHMPDNVSASSGSPHOAYHPPLCHLRDMLATSASDVEHSQDHN-———=———— DVKD
Dappu-CWO TFREGTGSETGDFSNGTTAVTLVARTGHPTNGVGQTSTDGEDFPNASPSVSGTVPQGVQD
s ¥, il o« FokE, H . T . sk oK, s . JKo¥
Drome-CWO LSFRNHLNQLORSQQOAAAAAAVAAAAVAVANGSSPASNAGVDSKVPLTNGGGTGGAPPAA
Dappu-CWO QFKPSHENTSGETDKMKDERVQGMFNYLNGTGSSIEHHRQQQQQQPQQQ -~ -~~~ QPQQO
ok * R R o . PO H t. * 2 *
Drome-CWO DNVPSNSTGSGSAAACAGGNSNSSGSNSSNAASSTICPPAGGSCPAKVTPLAAHQQPHOQA
Dappu-CWO QPQHSNDRRPTRSSSGSGGDSDESRSNRATRNSDT ————————— PSPVNPTTDGSSP---
: = $3s skkgkg Kk kk g, ok _*k kg Kk % g P
Drome-CWO PVITSTAPHHHHHHTDSSHHDFESSREPILHTDTSNMHSPPPRDLLLQOHPHLAHSHHTQ
Dappu-CWO =  —=——- TDMDNSSHSGGSNHSSCRSSSQ--—=====m—=m=—- LROMLLASESGGSRTKSCS
LA N AT P R *EoRE Lo ssse .
Drome-CWO DSLMSVRMRNYSESSHEIEHNNNYKYKNHIKERFVHELHD--EETSSEHCPVAAHLQSDH
Dappu-CWO SSSQCSSRSNTTQQSIDDSNNVYKKFKTNIHQRFTADLEHVFPQSSCVMTP —————— SGS
- . * ss3,.% o o3k kek skgokk sk, ., sk, * *
Drome-CWO SHLOQALSEHSKDGTEPEIA-~-—---— PIMAKKRKLAEAAA-—===—===—= NGEIPLEVHTES
Dappu-CWO SATSSLNEHQAQQPNHOLADRSFEQYHGLKRKKSDTDMNRHNNSRYGWNNEVPPQPSSPS
* elk hk, 3 o3 3k o *E% o *ohzh 3 t
Drome-CWO SNAGASSANRLDKPSPSFNFSDIKDIKAELHNGNSNSSPLLAKLSAVAAAGGQLSTPSST
Dappu-CWO SRIQRLNSEEMDDP PVYTMDOMQ -— - -— 000QPSSN
. o33tk .k * 3oz.ze LA 2
Drome-CWO TAPLPPRHTFTVPIFALHGOGNYYVPLNVDYNALVPFLNGMDLLEKSYTSMPVVHPININ
Dappu-CWO LPAMQPIME -SVPIFALHPKSAFYVPMSIEL-SLIRTLFTPPSSSSDPNAQPLLHPVTIS
RE¥ -******* e o o***:_:o -*- * % T i *oo**-_*.
Drome-CWO VNFMPSSPSASLLAAAAAAAVAVGKQQQQOAVVAAGAGL - —————————————mmmmm e
Dappu-CWO VNF--GHPSRVLTAATLTETVA--SIQQHSSVIQSPVKLTRPEPLLPGLVPAPQIVVHHQ
* % %k % * % * **o H -** 5 **:':*- H %
Drome-CWO = =  ———-——m—m———e PLSTN--- - e e e SAAAQAAAV-———==——
Dappu-CWO RHPNPHHHQFDMDPFGTNFSPLTMTGPTEDNRLRVGSSSNREHSSSSRSSLVRHHDEQPK
*glaXE LEEEEEE I
Drome-CWO = =  ———————- -— - --AAAAVAKAKLEQAMNOS -W-—=======—=
Dappu-CWO MFRPPQREEGGYVHAGREYPIIRSSREHGSRSPAVITANHGTATHSSRWSHLMAKRTHTP
P * g % %
Figure 3.

Putative Daphnia pulex CLOCKWORK ORANGE (CWO) protein. Alignment of Drosophila melanogaster CWO (Drome-
CWO) with D. pulex CWO (Dappu-CWO). In the line immediately below each sequence grouping, stars indicated amino acids
that are identically conserved, while single and double dots denote amino acids that are similar in structure. In this figure, helix-

loop-helix and orange domains identified by SMART analyses are highlighted in green and yellow, respectively.
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Drosophila vs. Daphnia CYCLE (CYC)

Drome-CYC MEVQEFCENMEEIEDENYDEEKSARTSDENRKONHSEIEKRRRDKMNTYINELSSMIPMC
Dappu-CYC ~  —— MNTYITELSRVVPMC
khkkk Kkkk gokhk%k
Drome-CYC FAMORKLDKLTVLRMAVOHLRGIRGSGSLHPFNGSDYRPSFLSDQELKMI ILQASEGFLF
Dappu-CYC ITMSHKLDKLTVLRMAVOHLKTIR--GAIHSYTEGDYKPSFLSDEELKRLILOSADGFLF
sek skkkkhkhkkkhkhkhkkkkhkg *% *keek 3, JKheshhkkhkhkhokkk skkkgookhkhk
Drome-CYC VVGCDRGRILYVSDSVSSVLNSTQADLLGQSWFDVLHPKDIGKVKEQLSSLEQCPRERLI
Dappu-CYC VVGCDRGRMLYVSESVSQVLNYSQGDLLGQSWFDILHPKDVAKVKEQLSSSDLSPRERLI
Kkkkkkhhhghhhkhohhh *hk gk *hdhhhkhkhohhhhhg *hhkkhdkx g _*hkkkhk
Drome-CYC DAKTMLPVKTDVPQSLCRLCPGARRSFFCRMKLRTASNNQIKEESDTSSSSRSSTKRKSR
Dappu-CYC DAKTMLPVKTDVPQGLSRLCPGARRSFFCRMKCRAV--QPAKDSSDACGMSSSKHRKTON
khkhkkhhkhhhhhhk & hhkkhdhhdhhhdkd *g s ke kkes, . * k. ss...
Drome-CYC LTTGHKYRVIQCTGYLKSWTPIKDEDQDAD-SDEQTTNLSCLVAIGRIPPNVRNSTVP-~
Dappu-CYC ISKEKKFTVVHCTGYLKSWAPAKIGVHDQDEGDVDACNLSCLVAVGRVQPSNLQNYKPRG
$3. ks Khoeskkkhkhkkkkok X sk Kk %k s kkkkkkkgkkg Kk .
Drome-CYC ----ASLDNHPNIR----HVLFISRHSGEGKFLFIDQRATLVIGFLPQEILGTSFYEYFH
Dappu-CYC TPGKESLVNDSSLRPRSLNFEF ISRHTIDGKFVFVDQRATLLLGLLPQELLGTSMYEYYH
*k Kk, %k s, *hkkkkg shkkghkokkkkhkgokokhkkghkkhokhh ok
Drome-CYC 13020 3 9 VN BT 1oL eV A A QW TOV Y RFRCKDNS Y IQLOSEWRAFKNPWTSEIDY I TAK
Dappu-CYC N'2003 878 K247 )N Kok b b A TAVY RFRVKEGTF VRLOSRWKSFRNPWTKDIEFLVAK;
ekk kk ok kk ek ok khkk kkkhkk kg ssgshhhk Kkgekgkkhk kg skhh
Drome-CYC = = RV
Dappu-CYC CSEVANSCIDSSSVNFSNSDMFYQGSGAGSNQTTSTRVRLFSMEVEASKIGQTV
*
Drome-CYC = =——— e e
Dappu-CYC ADEVLDFHRSRSRSSASAISSSAVRSPGSIISCSATASPFSNVGSPLDSEPNYLVTGVLP
Drome-CYC = —mme e e e e
Dappu-CYC SPFSNEVCDMRRNPIAVVGNTPSVQSTTSTTMNTSTNSESVAAILSVQVNSNGSGSNSSG
Drome-CYC = —— e e
Dappu-CYC SNSGLRGNENNHHNRNNNHNHVKVRNNAQLLHILNEAGLHADEDMMEVIGGLMMDQSOQSS
Drome-CYC == —m e FL
Dappu-CYC SRENSSPGDGNDEAAMAVVMSLLEADAGLGGPVDFSGLPWPLP
Figure 4.

Putative Daphnia pulex CYCLE (CYC) protein. Alignment of Drosophila melanogaster CYC (Drome-CYC) with D. pulex

CYC (Dappu-CYC). In the line immediately below each sequence grouping, stars indicated amino acids that are identically

conserved, while single and double dots denote amino acids that are similar in structure. In this figure, helix-loop-helix, PAS
and PAC domains identified by SMART analyses are highlighted in green, light blue and blue respectively.

Comp Biochem Physiol Part D Genomics Proteomics. Author manuscript; available in PMC 2014 April 21.



1duosnue Joyiny vd-HIN

Tilden et al. Page 29

Drosophila vs. Daphnia DOUBLETIME (DBT)

Drome-DBT e LAY (YRLGRKIGSGSFGDIYLGTTINTGEEVAIKLECIRTKHPQLHIESKF YKT|

Dappu-DBT LI ARV (YRLGRKIGSGSFGDIYLGTNIATGEEVAIKLECIKTKHPOQLHIESRFYKM|
hkkkkkkkhkhkhkkkkhkhhkkhkkhkkk k hkkkkkhkkhkkk ghhhkhkkkhhhkk ghk*

Drome-DBT IMOGGIGIPRIIWCGSEGDYNVMVMELLGPSLEDLFNFCSRRFSLKTVLLLADOMISRIDY]
Dappu-DBT ILOGGVGIPAVKWCGSEGDYNVMVMELLGPSLEDLFNFCSRRFSLKTVLLLADQLVCRIEY]

shkhkgkkk g kkkkkhkhkkkkkhkhhkhkhhhhhhkhhhhhhkkkhhkhkkkhhhkkhgg *kg*
Drome-DBT IHSRDFIHRDIKPDNFLMGLGKKGNLVYIIDFGLAKKFRDARSLKHIPYRENKNLTGTAR
Dappu-DBT IHSKNFIHRDIKPDNFLMGLGKRGNLVYIIDFGLAKKYRDARTNAHIPYRENKNLTGTAR
hhkhkgokkhhhhhhhhhhhhhhh ghhhkhhhhhhhkhhhkghkhkg hhkkkhhhkhkkhhhhkhk

Drome-DBT YASINTHLGIEQSRRDDLESLGYVLMYFNLGALPWQGLKAANKROQKYERISEKKLSTSI
Dappu-DBT YASTHTHVGIEQSRRDDLESLGYVLMYFNRGSLPWQGLRAATKROKYEIISEKKMSTSVE|

dhkkkghkghhhhhhdhhhhhhdhdhhhhdd hohhhdhhohd Fhdhddx dxdxhghdkxg

Drome-DBT (o4 () 3 4o A T p e M i el o) e o) 8 4 i B B A RNLFHRLGF TYDYVFDWNLLKFGGP
Dappu-DBT e e N g e RPN S22 RN SN JRNLFHRQRFTYDYVFDWNMLKFGGA
khkokokokh  kkkghkk gaoksgakkk ghkokkhkhhhk hhkhkhkhkhkghhhhk
Drome-DBT RNPQAIQQAQDGADGQAGHDAVAAAAAVAAA-———————— AAASSHOQOQOHK-—————~ \'
Dappu-DBT OKPAS-———--— GANGSSSNGLATANSALPVAPNPVSMPVDVAASSEDKEQRARAYRNTPI
EER Freko o, o3k ko, ¥ SHEIK pzake :
Drome-DBT NAALGGGGGSAAQQOLOGGQTLAMLGGNGGGNGSQLIGGNGLNMDDSMAATN--~-SSRPP
Dappu-DBT AQWVGOTATLPPERPVQ-—————mm e e e e e PATNPPAPTRPS
L X T JkkKk L
Drome-DBT YDTP--—--——————— ERRPSIRMRQGGGGGGGGVGVGGMPSGGGGGGVGNAK
Dappu-DBT FSHPTNPLPATSASWAARSRAARTQQ -~ === e e e
s, * L R
Figure 5.

Putative Daphnia pulex DOUBLETIME (DBT) protein. Alignment of Drosophila melanogaster DBT (Drome-DBT) with D.
pulex DBT (Dappu-DBT). In the line immediately below each sequence grouping, stars indicated amino acids that are
identically conserved, while single and double dots denote amino acids that are similar in structure. In this figure, serine/
threonine kinase domains identified by SMART analyses are highlighted in red.
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Drosophila vs. Daphnia PAR DOMAIN PROTEIN 1¢ (PDP1¢g)

Drome-PDPlg MDPQSNAAAAAQLLXPVAMLPLLORCSCKWQPGIEWECQWNGNAVVAATGNGNGGNPGON
Dappu-PDPlg MKRND-- PVF PGVN
# b *k *K K
Drome-PDPle =  —=————= NNNNNGNNSGNSNN-NSNNNVSSVQHVANAVAAAVIANEHHNHLNSLKARFQP
Dappu-PDPlg YSLRSLLENTELIHNTTNSNRLTSAPAVVPTQKIGSSVAPMMTTN-———————=—=—=- TS
H s¥g Ehk, J¥ * e TGeat*E, 1 8k
Drome-PDPlg ASSGKSTSNSKEIICPDDKYKEEGD-IWN-VEAQTAFLGPNLWDKTLPYDADLKVTQYAD
Dappu-PDPlg PSRGGSNGNG--———-- DKKKEESDEVWGYLEAQSSFLGPSLWD————-! NGDLKM-EYMD
Sk ok Kk, kk kkk Kk gk, skkkgakkkk kkk s.kkkg 1k
Drome-PDP1le LDEFLSENNIP DGLPGTHLGHSSGLGHRSDSL-GHAA
Dappu-PDP1le LDEFLSENGIPLAEGQGRSPPSKSLTPPRSVASADGSSGSGLVRSSLPSSGSESADSNRA
kkkkkkkk kK *k kg ko gkk | kgk :
Drome-PDPlg GLSLGLG-=-======= HITTKRERSPSPS-——=—==— DCISPDTLNPPSP--—======m
Dappu-PDP1le GSSVGTPINYPSHSPVEIEQKDDECSNASESSNSTELDTVAPSSLEKARPPVGRRKRSAV
L L o% * oleeeen * osrk, akg . 0%
Drome-PDPle =  ———————w- AESTFSFASSGRDFDPRTRAFSDEELKPQPMIKKSRKQFVPDEIA: ) 841/
Dappu-PDPlg STCSSFNDNSSDDGSYVPGQEDFDPKSRQFSPEELRPQPMSKKSKKQYVPDDIKDDKYW
.. ... JKEKkKkgak kk kkkgkkkk kkkpkkghkkkgkkkkk kKK

Drome-PDP1le RRRKNNIAAKRSRDARRQKENQIAMRARYLEKENATLHQEVEQLKQOENMDLRARLSKI &Y
Dappu-PDP1le RRRKNNMAAKRSRDARRVKENQIAMRANFLENKNADLQAEVEKWKKLYYATLKSLE'YEK

Khkkkkkghhhhhhhhhk Fhhkhdhhhk skkgakk kg Kkkkg K3

Drome-PDPle --DV
Dappu-PDP1le PGKK

Figure 6.
Putative Daphnia pulex PAR DOMAIN PROTEIN 1e (PDP1e) protein. Alignment of Drosophila melanogaster PDPle

(Drome-PDP1e) with D. pulex PDP1e (Dappu-PDP1e). In the line immediately below each sequence grouping, stars indicated
amino acids that are identically conserved, while single and double dots denote amino acids that are similar in structure. In this
figure, basic region leucine zipper domains identified by SMART analyses are highlighted in dark blue.
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Dappu-PER

Drome-PER
Dappu-PER

Drome-PER
Dappu-PER

Drome-PER
Dappu-PER

Drome-PER
Dappu-PER

Drome-PER
Dappu-PER

Putative Daphnia pulex PERIOD (PER) protein. Alignment of Drosophila melanogaster PER (Drome-PER) with D. pulex PER
(Dappu-PER). In the line immediately below each sequence grouping, stars indicated amino acids that are identically conserved,
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Drosophila vs. Daphnia PERIOD (PER)

Dappu-PER

Dappu-PER

\pp? TESRA-

Dappu-PER

Dappu-PER

Dappu-PER CCRL

PP FKIILNLEKITLPRESP-ESQNDKETVAEGSVPKNPEE

Dappu-PER
SKPYRFLIQNGCYVLLETE!

Dappu-PER SKPYNFRAFNGCYVLLOTDHT

ol s st it
MSMGPSPYMVONEHHHQOSLGPAFSLOPYAA-—=——————————— YPHGVIY----QPVMV
% % s % : e * %, %% * %% ] . .
TAMMYQP———=——— MPFPGMANALQIPERPLGSQSAYNKS—=—=-- VYTTTPASMTKKVPG

PPMLFQPGLGMMMSPSPSMTOPOSSRHRPFIHONYQOSENRHRQPQOPYRLSSGHVDNPVAG

* e e kk * k _keooe * Kk o * . * . e o % %
ee "o s e e e e o . . . e s e e e e o . .

AFHSVTTPAQVORPSSQSASVKTEPGSSAAVSDPCKKEVPDSSPIPSVMGDYNSDPPCSS
PSYRDDGAANANS IEQONSSYRQOQOFREASGSRQQOGTEQYGSNOAQONQAQGPSNQORPTCK

- 08 e R sadaied g 8 TR H 88 sewe ww % *.8 * s
SNPANNKKYTDSN--—-———=—=——— GNSDD——-—-———— . —— MDGSSFSSFYSSF---
RIPPWMEAVSVSNELVYQYQIPGRNSTDVLEADRERLRLLOOPVMLNHOQLMOLYTEMEAE

*, 3 HER *% % LN N £
-------- IKTTDGSESPPDTEKDPKHRK-----——---LKSMSTSESKIMEHPEEDQTQOH
ORNGIDLALDDSENSISSRDTDETNHRRRELRRRSNEFRRTMLYEENAPFPHPESSST--

e S8.® K, HTRgs sk s ¥ . HER S S

GDG
-DG

* %

Figure 7.
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while single and double dots denote amino acids that are similar in structure. In this figure, PAS and PAC domains identified by
SMART analyses are highlighted in light blue and blue, respectively.
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A. Drosophila vs. Daphnia PROTEIN PHOSPHATASE 1 (PP1)

Drome-PP1 M--SDIMNIDSIISRLLEVRGARPGKNVQ#3oios a8 M A &) opg p Aole) S8 AAAAN 281
Dappu-PP1l A MAETDKLNIDSIIARLLEVRGSRPGKNVQI®&yxiljopeileifei i) iopapf-lo) Jeffifrvafi

* gk gkkkkkkgkkkkkkk gohkkkkkkk gk kkk kkkkkkkkkkkkkkkkkkkkkkok
Drome-PP1 ICGDIHGQYYDLLRLFEYGGFPPESNYLFLGDYVDRGKQSLETICLLLAYKIKYAENFF:
Dappu-PP1 A ICGDIHGQYYDLLRLFEYGGFPPESNYLFLGDYVDRGKQSLETICLLLAYKIKYPENFF:

i I T T I T T Tt

Drome-PP1 JLRGNHECASINRIYGFYDECKRRYTIKLWKTFTDCFNCLPVAAIVDEKIFCCHGGLSPD;
Dappu-PP1 A JLRGNHECASINRIYGFYDECKRRYNIKLWKTFTDCFNCLPVAAIVDEKIFCCHGGLSPD:

R R R R I I R I I s I T s

Drome-PP1 [SSMEQIRRIMRPTDVPDQGLLCDLLWSDPDKDTMGWGENDRGVSFTFGAEVVGKFLOKHE)
Dappu-PP1 A QSMEQIRRIMRPTDVPDQGLLCDLLWSDPDKDTMGWGENDRGVSFTFGAEVVAKFLHKHD

Lkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkk hkkghkhg

Drome-PP1 [FDLICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGAMMSVDDTLMCSFQILKPAD
Dappu-PP1 A IMDLICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGAMMSVDETLMCSFQILKPAD

R R R R R R R R R R R R AR a3

Drome-PP1 KRRFVYPNFGSSGRPLTPPRGA--~-~-NNKNKKK
Dappu-PP1 A KKKFPYGGL-NTGRPMTPPRGGPQAKQNKGKNK
Kaak k3 skkkgkkkkk, sHKk Kk
B. Daphnia PP1 A vs. PP1 B
Dappu-PP1 A MAETDKLNIDSIIARLLEVRGSRPGKNVQ & jagle; Meif ) iohg i flo) Haf B Vam
Dappu-PP1 B M--ADDLNVDSIISRLLEVRGCRPGKSVQ ugot-Noyig:le e i€y ion 5 Holo) Fa AN AV H
k gk kkgkkkkgkkkkkkk kkkk _hhkgkk kgkkkkkkkkkkkk khkkkkkkkkkkk
Dappu-PP1 A ICGDIHGQYYDLLRLFEYGGFPPESNYLFLGDYVDRGKQSLETICLLLAYKIKYPENFF
Dappu-PP1l B ICGDIHGQYTDLLRLFEYGGFPPEANYLFLGDYVDRGKQSLETICLLLAYKIKYPENFF

R R R R R R R R ]

Dappu-PP1 A RGNHECASINRIYGFYDECKRRYNIKLWKTFTDCFNCLPVAAIVDEKIFCCHGGLSPD:
Dappu-PPl B RGNHECASINRIYGFYDECKRRYNIKLWKTFTDCFNCLPIAAIIDEKIFCCHGGLSPD:

Kkkkkkkkkkkkkhkkkkkkkkkkkkhkkkkhkkkkkkkk ghhhghhkkhhhhkkkhk k%

Dappu-PP1 A QSMEQIRRIMRPTDVPDQGLLCDLLWSDPDKDTMGWGENDRGVSFTFGAEVVAKFLHKHD
Dappu-PPl1 B ONMDQIKRIMRPTDVPDTGLLCDLLWSDPDKDVQGWSENDRGVSFTFGADVVSKFLNRHD

K KakkghhRkkhkhhhkhk HAKKRKKKRRKKKK | Kk KKK KKRR KRk ghkghkkgghk

Dappu-PP1l A IMDLICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGAMMSVDETLMCSFQILKPAD
Dappu-PPl B ILDLICRAHQVVEDGYEFFAKRQLVTLFSAPNYCGEFDNAGGMMSVDETLMCSFQILKPSE|

R R R R R R R TR I I I I I I

Dappu-PP1l A KK-KFPYGGLNTGRPMTPPRGGPQAKQNK--GKNK
Dappu-PPl B KKAKYQYSGINATKP———==—=~~] NAAANKPVPKKK
*k kg Kk Kkaks sk PR 2 * gk

Figure 8.

Putative Daphnia pulex PROTEIN PHOSPHATASE 1 (PP1) proteins. (A) Alignment of Drosophila melanogaster PP1 (Drome-
PP1) with D. pulex PP1 A (Dappu-PP1 A). (B). Alignment of Dappu-PP1 A and PP1 B. In the line immediately below each
sequence grouping, stars indicated amino acids that are identically conserved, while single and double dots denote amino acids
that are similar in structure. In this figure, serine/threonine kinase domains identified by SMART analyses are highlighted in red.
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PROTEIN PHOSPHATASE 2A (PP2A)
A. Drosophila vs. Daphnia PP2A catalytic subunit —
MICROTUBULE STAR (MTS)

TETQVRTLCDKAKEILSKESNVQEVKCPVTVCGDVH

D- - -F | 1KESEVKALCAKAREILVEESNVORVDSPVTVCGDIH(

P LAdky NRRR, Ry foRsikiikk RAGRAR fRRRRR KL RRRRRERIEE
Drome-MTS OFHDLMELFRIGGKSPDTNYLFMGDYVDRGYYSVETVTLLVALKVRYRERITILRGNHES]
Dappu-MTS OF YDLKELFKVGGDVPDTNYLFMGDFVDRGF YSVETFLLLLALKVRY PDRITLIRGNHES]

Drome-MTS JRO1TQVYGFYDECLRKYGNANVWKYFTDLFDYLPLTALVDGQIF CLHGGLSPS IDSLDHI]
Dappu-MTS RO 1TQVYGF YDECFRKYGSVIVWRYCTEIFDYLSLSAT IDGKIFCVHGGLSPSIQTLDOI!

Drome-MTS RALDRLOEVPHEGPMCDLLWSDPDDMRGGHGI SPRGAGY TFGQDI SETFNNTNGLTLVSR
Dappu-MTS |R1 1DRKOEVPHDGPMCDLLHSDPEDTQQGHGVSPRGAGYLFGSDVVOHFNTSNDIEMICR
Drome-MTS (QLVMEGYNWCHDRNVVT IFSAPNYCYRCGNQAALMELDDSLKFSFLOFDPAPLISI]
Dappu-MTS AHOLVMEGYKWHFNETVLTVWSAPNYCYRCGNVAAILELDENLHREFTIFEAAPN LV
Drome-MTS PHVIRRTPDYFL
Dappu-MTS PS-KKPQADYFL

Py

BA1. Drosophila vs. Daphnia PP2A regulatory subunit —

WIDERBORST (WBT)
a
HRIELSRRIERRR KEE KKK RRRXARRRLL L3 INE KX AR K g RKEEERRE
A
Dappu-WBT A VDF IDQKF
LRF
pp A LRFT
Drome-WBT LLEILGSIINGFAL LHKVKCLSLYHAQL
Dappu-WBT A LLEILGSII VVQFLEKDPSLTE

EEILDVI 01

A EVI

N
R — PN AR RN LA RSN S S GRTAGOSATINSARSAAS TS
Dappu-weT A LEDEUENRERORERRRERERDEINRRIRELS --- 1SHRRREPSAKT -NARGGVALAK
DeppaET A

B2. Daphnia WBT A vs. WBT B

A
B 0
PP A 1I
B INKI
Br R RRRDT L3 31k AAARRAL L RgRRRRziRizRER: Kk
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VYPEIIRTITSNLFRTLPPSDNP-
QRGVITEATY ATNLFRAL
Ihy RREIER KK 3 gpiRRERIRNRE AR

Dappu-WBT A
B

PP’

Dappu-WBT A --DFDPEEDDPTLEASWPHLQVIYPVDFYLVCLFCRESPDFQPGIGKKVIDQKFVLOLLE

PP B GAEF QLVY--EFFLRFL---ESPDFQPNIAKRCIDQKFVLOLLD

SHKAKKK G RRRAKRAKAR T3 h  ghgh  k RAKEAKA K kg kkAkkAkENKg

Dappu-WBT A LFDSEDPRERDFLKTVLHRIYGKFLGLRAF IRKQINNIFLRF IYETEHFNGVSELLEILG

Dappu-WBT B LFDSEDPRERDFLKTTLHRIYGKFLGLRAYIRKQINNIFYKFIY LEILG

e L

Dappu-WBT A SIINGFALPLKVEHKQFLVKVLLPLHKVKCLSLYHAQLAYCVVQFLEKDPSLTEEVIRGL

Dappu-WBT B SIINGFALPLKEEHKVFLLKVLMPLHKVKSLSVYHPQLAYCVVQFLEKDPSLTEPVVLSL

e T

pp A LKYWP! GEIEEILDVTEPAQFIKIQEPLFKQISRCVSSPHFQVAERALYL

Dappu-WBT B LKF NELEEIL FROL Yy
RAIEEE, R RKRERE KIKREKRER RARIE Ry KR RIRARKRKRERKRARERER

Dappu-WBT A WNNEYVMSLIEENSAAIMPIMFPALYRI IVALVYNVL _FDELT

Dappu-WBT B WNNEYIMSLISDNASVILPIMFPALY THGLIYNALKL FDDCT

KRR GEERE ghgg RIRKREREREG KA _AREIER K AR KK KRERE_ARERG X

Dappu-ver A NESKEERORERKKEKERDELWRKEASEE: =
PP’ B Q0Y! 'KEREEFWSQIEAEAIKNPKHHLVANLMPKTISGGALAQSVSAALSA

Kppkk KAKgh KAKghgH

Dappu-WBT A
B

PP’

AGOL I LRRKSEL TKALTDHK

Dappu-WBT A ——-—m-—mmmmmme
Dappu-WBT B RADEFLPTPPDVNTS

C. Drosophila vs. Daphnia PP2A regulatory subunit —

TWINS (TWS)
D; TWS OMQ! PPRTF ITKI NTAININGAKKPASN
Dappu-TWS M AAN
* *ew
Drome-TWS [ X300 TS (K GALDDDVTDAD I ISCVEFNHDGELLATGDKGGRVVIFQUI XS e ¥\ 3.3
Dappu-TWS (€123 LTS K GTLDDE I TEAD T ISCVEFNHDGDLLATGDKGGRVVIFOUMAVS U I 2
P I T
Drome-TWS JlE AL I L EF DY LKSLE T EEK INKIRWLQOKNPVHF LLSTNDKTVKLWK| 103
Dappu-TWS I A €L S o EF DY LKSLEIEEK INKIRWLRRKNPAHF LLSTNDKT IKLWKV 3243

P T T T T

D TW IRDPONVTAL! 3923 A EASPRRTFANAHTYHINSISVNS]
Dappu-TWS . TGLRVPVLKPME! (EASPRRIYANAHTYHINSISVNS]

Kk KEE Kgk K ppw SH KKKk gk 3 KpRERREKK RAAKKKKKAKKKIKK
Drome-TWS [DOETFLSADDLRINLWH AW (s1348 44 ) {KPTNMEELTEV I TAAEFHPTECNVFVYSSS]
Dappu-THWS [DAETYLSADDLRINLWHI A& 0:s1 3 (VD IKPANMEELTEV I TAAEFHPTDCNHF VYSSS]

F KRR ERRAKRKKRRNRAN g 3, g Ak g hhhhhh g kKRR K g HH RERIAR

Drome-TWS GTIRLCDIGELVARG I () 333 2 sNPTNRSFFSEI ISSISDVKLSNSGRYMISRDYLS)
Dappu-THWS KGLIRLCDILIIYNXG N3N A3 ¥ VoD PANRSFFSEI 1SS ISDVKF SRSGRYMLSRDYLS]

Fhk KKKKKKE KARARRRh Rhk kg kg hhhkk kKKK gk KKK K g KRARARE

D. TWS D pachiadipiin e Al Ve X3 ¢>NDC IFDKFECCHNGKDSS IMTGSYNNFFR
Dappu-THWS HMETKPIETYPVHEYLRSKLCSLYENDCIFDKFECCWGNNDQAVLTGSYNNFFR
SRR KA KRR KRR RRAARA KRR KRR KRR AR R AR IR Rk k| s h s hhkhkkRhk

D TWS jvFD) [EASRDIIKPKT DEISVDCLDFNKKILHTAWHPE]
Dappu-TWS MF EASRET. KAKKIC DEVSVDSLDFNKKILHTAWHP'

R R D T TR T

Drome-TWS [ENIIAVAATNNLFIFQS3
Dappu-THWS [ENIIAVAATNNLFIFQS3

T

Figure 9.
Putative Daphnia pulex PROTEIN PHOSPHATASE 2A (PP2A) proteins. (A) Alignment of Drosophila melanogaster PP2A

catalytic subunit MICROTUBULE STAR (MTS) protein (Drome-MTS) with D. pulex MTS (Dappu-MTS). (B1). Alignment of
D. melanogaster PP2A regulatory subunit WIDERBORST (WBT) protein (Drome-WBT) with D. pulex WBT A (Dappu-WBT
A). (B2). Alignment of Dappu-WBT A and Dappu-WBT B. (C). Alignment of D. melanogaster PP2A regulatory subunit
TWINS (TWS) protein (Drome-WBT) with D. pulex TWS (Dappu-TWS). In the line immediately below each sequence
grouping, stars indicated amino acids that are identically conserved, while single and double dots denote amino acids that are
similar in structure. In this figure, protein phosphatase 2A catalytic, coiled-coil and WD40 domains identified by SMART
analyses are highlighted in dark green, pink and dark red, respectively.
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Drosophila vs. Daphnia SHAGGY (SGG)

Drome-SGG MSGRPRTSSFAEGNKQSPSLVLGGVKTCSRDGSKITTVVATPGQGTDRVQEVS)4urki qiay
Dappu-SGG MSGRPRTTSFADKTSLNPSF—===———— GKDGSKVTTVVATPGQGPDRAQEVA) 4§V qi4Y

khkkkkkkghhkhg Sk skkkkghhhhkhkhkhkhhkk kk kkkghkkghkk

Drome-SGG GNGSFGVVFQAKLCDTGELVAIKKVLODRRFKNRELQIMRKLEHCNIVKLLYFFYSSGE
Dappu-SGG GNGSFGVVYQAKLCETGELVAIKKVLODKRFKNRELOIMRRLEHCNIVKLKYFFYSSGE

Fhhkdddhhghhddkghddhdkdhdhhdddhdhgshddddddddbdbbobbbbbbbdrdr ddxdddkdddk

Drome-SGG RDEVFLNLVLEYIPETVYKVARQYAKTKQTIPINFIRLYMYQLFRSLAYIHSLGICHRDI
Dappu-SGG KDEVFLNLVLEFIPETVYKVARHYSKSKQOTIPISFIKLYMYQLFRSLAYIHSLGICHRDI

shhkkhkkhhkkohhhhhdhhhkdhhghokghhkdhhhd *hokhdhkhdhkdhdhhdhrdhrdhrdhx

Drome-SGG KPONLLLDPETAVLKLCDFGSAKQLLHGEPNVSYICSRYYRAPELIFGAINYTTKIDVWS
Dappu-SGG KPONLLLDPESGVLKLCDFGSAKHLVQOGEPNVSYICSRYYRAPELIFGATDYTTNIDVWS

khkhkhkkdhhhhhg dkhhhhhhkhhhghgohhhhhhdhhdhhdhhdhhdhdd ghhhkghhdhr

Drome-SGG AGCVLAELLLGQPIFPGDSGVDQLVEVIKVLGTPTREQIREMNPNYTEFKFPQIKSHPWQ
Dappu-SGG AGCVLAELLLGQPIFPGDSGVDQLVEIIKVLGTPTREQIREMNPNYTEFKFPQIKAHPWQ
LR R R R R R R R RS R R R R R R R R EEE R R R NS ]
Drome-SGG KVFRIRTPTEAINLVSLLLEYTPSARITPLKACAHPFFINAALIIN 4R e) iRy
Dappu-SGG B RIENHY ARSI RV AR A 0LV R AR H NN U P IEELR-DPHTRLPNGRELPVLFN
khkk khhkk hhhokkk hhhhkhkkhkkkhghhokkkk *hokkx g ¢ *khkkko ok *kk
Drome-SGG FTEHELSIQPSLVPQLLPKHLONASGPGGNRPSAGGAASIAASGSTSVSSTGSGASVEGS
Dappu-SGG FTEHELKIQPALNAVLIPPHMRGASGLMG--=====~ VMNATSPSQDSSATGSPNSAGGA
Fhdkdkdkdk dhkkekx | kgk kg *kk * . ek * | Kekkk *, *3
Drome-SGG AQPQSQOGTAAAAGS—=—=———==== GSGGATAGTGGASAGGPGSGNNSSSGGASGAPSAVAA
Dappu-SGG EGSSAAGASGAAGGHIHSPPDVCSSTGETLGAVGTA---===—— - e e e e e
ees Koo kk% JF ok k kg kg
Drome-SGG GGANAAVAGGAGGGGGAGAATAAATATGAIGATNAGGANVTIDS
Dappu-SGG =  —-mmmmm e
Figure 10.

Putative Daphnia pulex SHAGGY (SGG) protein. Alignment of Drosophila melanogaster SGG (Drome-SGG) with D. pulex
SGG (Dappu-SGG). In the line immediately below each sequence grouping, stars indicated amino acids that are identically
conserved, while single and double dots denote amino acids that are similar in structure. In this figure, serine/threonine kinase
domains identified by SMART analyses are highlighted in red.
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Drosophila vs. Daphnia SUPERNUMERARY LIMBS (SLIMB)

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB

Drome-SLIMB
Dappu-SLIMB
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-—--MEAENIVEDVPPAIGA--NTMLSLVRSRSELSSNYLVEKEPCLKCFDSWPESDQVEF

*hgsekszs. . * Rk $wd Bl gk kgg X oW, REhdigk
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Figure 11.

1duosnuely Joyny vd-HIN

1duosnuely Joyny vd-HIN

Putative Daphnia pulex SUPERNUMERARY LIMBS (SLIMB) protein. Alignment of Drosophila melanogaster SLIMB
(Drome-SLIMB) with D. pulex SLIMB (Dappu-SLIMB). In the line immediately below each sequence grouping, stars indicated
amino acids that are identically conserved, while single and double dots denote amino acids that are similar in structure. In this
figure, FBOX and WD40 domains identified by SMART analyses are highlighted in dark gray and dark red, respectively.
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Dappu-TIM A EVEASALRSDLFLFLLHRLGLLPPVPHAGLYPRIPPEWSTDTIYSVALSFGPIDQOKVDF
s s HERE A R *, ee S8 Kk Ek kg gkgk gk skkgks ss.%
Drome-TIM DASELEDATASSPSRYHHTGPRNSLSSVSSLDVDLGDTEELALIPEVDAAVEKAHAMAST
Dappu-TIM A DLSLVNKVELPIPSSLAEMPADGSLPLTWOPYLGPGPSTSLSAVPH----—————————=-
* ko2, o ** . o oFF . L . $. * o3 k3 ¥,
Drome-TIM PSPSEIFAVPKTKHCNSIIRYTPDPTPPVPNWLOLVMRSKCNHRTGPSGDPSDCIGSSST
Dappu-TIM A -~ HWLHWVEQSGSLFR---SAEITSHGHNSSH
shxg x ook, ¥ *.0 2. SE*
Drome-TIM TVDDEGFGKSISAATSQAASTSMSTVNPTTTLSLNMLNTFMGSHNENSSSSGCGGTVSSL
Dappu-TIM A SISNHSHRPLDSISTTSSLEVHKTDSSDDEEMEDAVLNACTGSGMGNMTEGEPVSSNESV
- S * sk, .. : . :. HE * % * s, R
Drome-TIM SMVALMSTGAA-———-— GGGGNTSGLEMDVDASMKSSFERLEVNGSHFSRANNLDQEYSAM
Dappu-TIM A SMEEVRPDWAAMOMNTGGGGDSSSNEEMAAVGSEISLSR-———-—-————————————————
* % 3 . * % ****::*. * . .o 3 *:.*
Drome-TIM VASVYEKEKELNSDNVSLASDLTRMYVSDEDDRLERTEIRVPHYH
Dappu-TIM A -~ DGRDV-————————————
* *
Figure 12.

Putative Daphnia pulex TIMELESS (TIM) protein. Alignment of Drosophila melanogaster TIM (Drome-TIM) with D. pulex
TIM A (Dappu-TIM A). In the line immediately below each sequence grouping, stars indicated amino acids that are identically
conserved, while single and double dots denote amino acids that are similar in structure.
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Drosophila vs. Daphnia VRILLE (VRI)

Drome-VRI MSIVCTLEQKVNFFKAAATTKNLLILKNNTDTNYINNYKQODNPSNNKFPRIQAQSNNSHL
Dappu-VRI M - - —_——
*
Drome-VRI QHOQOOLOOKLAQLHHYSQOKLSGSDFPYGPRPPTGGKEEKLLLLAPPGKLYPEASVSTAM
Dappu-VRI - - - —
Drome-VRI PEVLSGTPTNSHNKANIAMMNNVRLSNISPTLSMNGSSNEASNLHPLSMYGGSISPQSND
Dappu-VRI ----SGEPQRT - SPSGNS
*k ks *k K,
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skk s . * s s * k% . sk, kkkkkk kkkkk
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Dappu-VRI [DDSYWDRRRRNNEAAKRSREKRRLNDMVLESRVLELTKENHILRAQLSAVREKYGINPD

Kahkhhhhhhhhhhhhhhhhhhhh Khhhhh hhghhhhhhhghohhh *okoks * s

Drome-VRI 1 EKILASLPTSEQVLSNTK-RAKMSGSGGSSSGSSPS-GSGSGEGSPQGGHNGYPVG
Dappu-VRI 1 IDQVLATLPSPDQVLSLPRPRSRL-~=~—- LSGLSPSMGSGRGGGSVSPAPSNRSLS
khkkggsokkgkhkg oskkkk 2 kggss *k kkk kkk Kk Kk - we » B
Drome-VRI PPLSPLIYGPN-GNARPEATVKSVHHIHHAGVAPPPTHLQQLVVPQSQTQHLYQPQP—~~
Dappu-VRI PPISP--SPPNVGSGQGSGSLSMQQQOQQOHAYASNGHHHQQQ----QQ0HQOHGYRYQSVGE
*k gk *%k k3 wwdle s k% | * k% * ok kk kg ok
Drome-VRI = =  ————————e QOHOPHOQQQISQOPPOOOOOQQEPSPSAGSSSPVISDPHNRPPSTTIANLQ
Dappu-VRI SAAAGANVFQHHQHHQHHQHAQPMKAQQORVMERS —— - S,
*gkk kkgak s k% H *k g * %k
Drome-VRI VOLOQOALNRNVRPEDLDSLRKVVAAGALYNAAAVVGAPPPPPSAGLYVPAPSAYKDHLEA
Dappu-VRI - ----LPPLPALTPVPGISP-NHHLEA
* % o *k ®, I
Drome-VRI AAAWSHNVEAAVSSSAVDAVSSSSVSGSAASVLNLSRRACSPSYEHMLSSTTSSTLSSAS
Dappu-VRI GASPAEGAHPQHGLAVVDRTGSSGNVGPVAAFFDL--~-~CS --SSSS
e¥3 eeeen ¢ Takk oWk, X, G HGLSH ik Tk ykhy KRGk
Drome-VRI SSGAVSGDDEQEHEPAHMAPLQLORSSPQOGSDANNCLPLKLRHKSHLGDKD - -~~~ AA
Dappu-VRI HPGSSSGED-GSHSPIDPA--—————m—m—= VAAGRLLPLKLRHKTHLGDRDVTAATASA
SRy Kkaok SR K % *,, Fhkkkkkkghhhkgk sk
Drome-VRI ATALLSLOHIKQEPNCSRASPPAWNDGGDN: - ——
Dappu-VRI AAVLLTLNEIKHEPEGIDDSPSAVESTVENVTSEMNNNVCDHHSQVHHHGLHHHPEHHHH
kg kkgks kkgskkg Ll R %
Drome-VRI - SSDERDSGISIASAEWTAQLORKLLAPKE
Dappu-VRI HHHPQPHLOSHPNPHPHOQOLHQHQSGRRSTESSDDRDSGIS-SGGDWSLPRSSSRFSSSS
khkkgkkkkkk g sk -
Drome-VRI ANVVTS-———————~— AERDOMLKSQLERLESEVASIKMILAE-—————————————————
Dappu-VRI SGSTASVTGNHGNNPAHSYQPLQQQQQQQ0QQQOPASKRMRMSSNSPPIQHHAQQHQQAVQOR
$ie i TH *y FokmLk g $.d Y ok g,
Drome-VRI - - - - -
Dappu-VRI RFVGSRVNQQOOQOQQQOOLMGNQETEKEENEAASGINHERLVIVGGNESSDENNDELRSH
Drome-VRI - - -
Dappu-VRI IARLASELESLKTMMLGTGSASTMSSSSAMRTNKTNSTSNFRLN
Figure 13.

Putative Daphnia pulex VRILLE (VRI) protein. Alignment of Drosophila melanogaster VRI (Drome-VRI) with D. pulex VRI
(Dappu-VRI). In the line immediately below each sequence grouping, stars indicated amino acids that are identically conserved,
while single and double dots denote amino acids that are similar in structure. In this figure, basic region leucine zipper domains

identified by SMART analyses are highlighted in dark blue.

Comp Biochem Physiol Part D Genomics Proteomics. Author manuscript; available in PMC 2014 April 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tilden et al.

Dappu-CRY
Dappu-CRY
Dappu-CRY
Dappu-CRY

Dappu-CRY
Dappu-CRY
Dappu-CRY
Dappu-CRY

Dappu-CRY
Dappu-CRY
Dappu-CRY
Dappu-CRY

Dappu-CRY
Dappu-CRY
Dappu-CRY
Dappu-CRY

Putative Daphnia pulex CRYPTOCHROME (CRY) proteins. (A) Alignment of Drosophila melanogaster CRY (Drome-CRY)
with D. pulex CRY A (Dappu-CRY A). (B). Alignment of Dappu-CRY A-D. In the line immediately below each sequence
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A. Drosophila vs. Daphnia CRYPTOCHROME (CRY)
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Figure 14
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grouping, stars indicated amino acids that are identically conserved, while single and double dots denote amino acids that are
similar in structure.

Comp Biochem Physiol Part D Genomics Proteomics. Author manuscript; available in PMC 2014 April 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tilden et al. Page 43

A. Danaus CRYPTOCHROME (CRY) 1 vs. Daphnia CRY A

Danpl-CRY1 MLGGNVIWF! RLHDNPSLHSAL FPIFIF LLEAL
Dappu-CRY A M---NVLWFRRGLRIHDNPALLSALEN-SKDF IALFVFDTTFQDPGYKPYHMNGFLLECL
K Rkgkkkgkkkgkkhegk kkkkg k, kg, gkgki % by g
Danpl-CRY1 NDLDQQFRKYGGKLLMIKGRPDLIF RTLCFEQDCEPT RD
Dappu-CRY A HDLNESLESVGTKLHVFQGCPLEVFRHLHNIKPINKLCFIQDCEPIFHERDIAAKNLCSE
SHEsg.g.. Kk KR ggik K gREgE g K KKK REREKEgg KR g3 KK g
Danpl-CRY1 IGVSCREHVAHTLWNPDTVIKANGGIPPLTYQOMFLHTVEI IGNPPRPVDDVDLNGVNFGS
Dappu-CRY A LDIEVY 11 EMF LT
™ NkkkkkhRgR gk gRkk kkkkkgkkgk, .  gkgkkgkk k g ghkgk g
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® ke tHe ke SEERK L K K RERE RERDE kK K R
Danpl-CRY1 SYLPTHGNPDLLGPPISLSPALRFGCLSVRRFYWSLODLFQOVHOGRLASTQF ITGQLIW
Dappu-CRY A FYQPNQ LGPPLSLSARISVGAISVRLFYWRIHET GITGOIIW
KoL gL kRNKNRKGARN Ky LA gARK KA grzaRpskpsh, L3 KAkNgR®
Danpl-CRY1 REYF ICLDI PFVDAAMRQLRTEG
Dappu-CRY A RDYF F ICLOT F FIDAGMRQLNQEG
Mgkkkghk  kkgg g kkkkkghkw k ¥ 3 Wk kg kg kg ke Rk,
Danpl-CRY1 WLHHVVRNTVASFLTRGTLWLSWEHGLOHFLKYLLDADWSVCAGNWMWVSSSAFEALLDS
Dappu-CRY A NWDI ERLLDC
Kakk kkkgak Kkkkk KRk kg k D KpkpkRAR RAKRKKREKRER KRk
Danpl-CRY1 GECACPVRLGRRLEPTGHYVRRYVPELARMPGEYIYEPWRAPLEVQEAAGCVIGRDYPAP
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1R R L ek dgkgkp gpogh %k dkkg kE gkp ko RkE k

B. Danaus CRY2 vs. Daphnia CRY B
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PR Kpkky REREKARARERAR R SRR L kRN
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Danpl-CRY2 ALTF 1 YKLDDIT TYHOFQ
Dappu-CRY B CLTF IITMCKDFNIEVITRASHTLYHPQKII TYRQFQ
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seks g : T .
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KRERERERE AREg 3 R R R R R R RARAREREREAEE
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B T
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Figure 15.
Alignment of Daphnia pulex CRYPTOCHROME (CRY) A and B with their Danaus plexippus homologs. (A) Alignment of D.

plexipus CRY1 (Danpl-CRY1) with D. pulex CRY A (Dappu-CRY A). (B). Alignment of D. plexipus CRY2 (Danpl-CRY2)
with D. pulex CRY B (Dappu-CRY B). In the line immediately below each sequence grouping, stars indicated amino acids that
are identically conserved, while single and double dots denote amino acids that are similar in structure.
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Drosophila vs. Daphnia PIGMENT DISPERSING FACTOR/
HORMONE RECEPTOR (PDF/HR)
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Figure 16.

1duosnuely Joyny vd-HIN

Putative Daphnia pulex PIGMENT DISPERSING HORMONE RECEPTOR (PDHR) protein. Alignment of Drosophila
melanogaster pigment dispersing factor receptor (Drome-PDFR) with D. pulex PDHR (Dappu-PDHR). In the line immediately
below each sequence grouping, stars indicated amino acids that are identically conserved, while single and double dots denote

amino acids that are similar in structure. In this figure, hormone receptor and transmembrane domains identified by SMART
analyses are highlighted in black and light gray, respectively.
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