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Abstract

The recently sequenced Daphnia pulex genome revealed the NR1L nuclear receptor group
consisting of three novel receptors. Phylogenetic studies show that this group is related to the
NR1I group (CAR/PXR/VDR) and the NR1J group (HR96), and were subsequently named
HR97a/b/g. Each of the HR97 paralogs from Daphnia magna, a commonly used crustacean in
toxicity testing, was cloned, sequenced, and partially characterized. Phylogenetic analysis
indicates that the HR97 receptors are present in primitive arthropods such as the chelicerates but
lost in insects. qPCR and immunohistochemistry demonstrate that each of the receptors is
expressed near or at reproductive maturity, and that HR97¢, the most ancient of the HR97
receptors, is primarily expressed in the gastrointestinal tract, mandibular region, and ovaries,
consistent with a role in reproduction. Transactivation assays using an HR97a/b/g-GAL4 chimera
indicate that unlike Daphnia HR96 that is promiscuous with respect to ligand recognition, the
HR97 receptors do not respond to many of the ligands that activate CAR/PXR/HR96 nuclear
receptors. Only three putative ligands of HR97 receptors were identified in this study:
pyriproxyfen, methyl farnesoate, and arachidonic acid. Only arachidonic acid, which acts as an
inverse agonist, alters HR97g activity at concentrations that would be considered within
physiologically relevant ranges. Overall, this study demonstrates that, although closely related to
the promiscuous receptors in the NR1l and NR1J groups, the HR97 receptors are mostly likely not
multi-xenobiotic sensors, but rather may perform physiological functions, potentially in
reproduction, unique to crustaceans and other non-insect arthropod groups.
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INTRODUCTION

As a critical component in the multi-level regulation of gene expression, nuclear receptors
(NR) have been considered the Rosetta Stone of physiology (Evans, 2005), as they
recognize hormonal, environmental, and dietary signals, and elicit individual physiological
responses by altering transcription (Hernandez et al., 2009). NRs constitute a large
superfamily of transcriptional regulators involved in a vast array of diverse physiological
functions such as reproduction, control of embryonic development, regulation of cell
differentiation, and homeostasis (Germain et al., 2006; Thomson et al., 2009; Zollner et al.,
2006).

Most NRs contain five domains, of which the DNA binding domain (C domain) is highly
conserved, and the ligand binding domain (LBD; E domain) shows several conserved
features (Buzon et al., 2012). Ligand binding to the E domain can cause conformational
changes that stimulate the dissociation of co-repressors, and generate the association of co-
activators and DNA response elements with NRs, thereby increasing transcriptional activity
(Mangelsdorf et al., 1995). NRs can function as monomers, homodimers, or heterodimers;
many NRs interact with RXR, a common heterodimer partner (Amoutzias et al., 2007).

Since the cloning of the glucocorticoid receptor in 1985 (Hollenberg et al., 1985), new
members have been constantly added to the NR superfamily with the various sequencing
and annotation projects, providing valuable information on transcriptional regulation and
evolution of the animal kingdom (Bridgham et al., 2010; Evans, 2005). Today, there are
seven subfamilies (NRO-NRG6) of NRs known (Thomson et al., 2009). The recent use of
multiple biochemical and phylogenetic analyses has shown that modern NRs evolved
through subtle tinkering of an ancestral ligand-dependent receptor related to HNF4
(Bridgham et al., 2010). Studies on NR phylogenetics are crucial to understanding metazoan
evolution, as NRs have gone through numerous duplication events during evolution.

Daphnia magna, commonly known as the water flea, is a crustacean in the Branchiopod
class. It is a crucial component of many aquatic food webs and is extensively used in aquatic
toxicity testing. Although the ecology of Daphnia magna is well understood, genomic
studies on this organism have only recently begun (http://server7.wfleabase.org/genome/
Daphnia_magna_prerelease/). The related cladoceran, Daphnia pulex, is the first aquatic
arthropod and crustacean genome to be fully sequenced (Colbourne et al., 2011), providing
biologists with genomic information on the unique mechanisms required for the survival of
aquatic arthropods, and greater tools for studying arthropod evolution. Twenty-six NR genes
have been identified in D. pulex (Thomson et al., 2009) including an unpublished NR2E6
member. In comparison, Homo sapiens have 48 NRs, Mus musculus 46, Drosophila
melanogaster 21, and Caenorhabditis elegans have over 270 NRs (Adams et al., 2000;
Maglich et al., 2001; Robinson-Rechavi et al., 2003; Robinson-Rechavi et al., 2005;
Robinson-Rechavi et al., 2001). The interspecies diversity is likely to reveal the time and
roles of gene duplications in evolution and facilitate phylogenetic reconstruction (Garcia et
al., 2003).
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A new NR group (HR97/NR1L) consisting of three members has been discovered in
Daphnia (Thomson et al., 2009). All three members are orphan receptors as their ligands are
not known. The receptors were assigned the names HR97a, HR97b, and HR97g because of
their similarity to the NR1J group of NRs that includes HR96 found in Daphnia pulex and
Drosophila melanogaster (Fisk and Thummel, 1995; Karimullina et al., 2012). Phylogenetic
analyses suggest that HR97g is the evolutionary precursor to the other two HR97 receptors
that are found in tandem repeat (Thomson et al., 2009).

In this study, we describe the evolution and partial characterization of these three HR97s in
the the cladoceran D. magna. All three HR97s were cloned by 5’- and 3’-RACE, sequenced,
and compared genomically and phylogenetically with similar receptors. GAL4-HR97_DEF
chimeric plasmids were constructed, and transactivation assays were conducted with several
chemicals, including multiple xenobiotics, as we hypothesized that HR97 would be
promiscuous similar to its relative HR96 (Karimullina et al., 2012), and other related NRs
such as the vertebrate orthologs CAR and PXR (Kliewer et al., 1998; Krasowski et al., 2010;
Kretschmer and Baldwin, 2005; Staudinger et al., 2001). In addition, the age- and organ-
dependent expression of HR97 receptors was investigated. This is the first study that
investigates the evolution, function and expression of the HR97/NR1L group of NRs.

MATERIALS and METHODS

D. magna

Our colony of D. magna has been cultured at Clemson University for over 15 years and was
initially provided by Dr. Steve Klaine (Clemson University)(Baldwin et al., 2001). Daphnids
were maintained at 15 individuals/L in 22°C moderately hard water under a 16:8 light:dark
photoperiod in an environmental chamber. Each adult daphnid received approximately 6 x
108 cells of Pseudokirchneriella subcapitata (formerly Selenastrum capricornutum) daily
supplemented with a suspension of Tetrafinn fish food (Tetra Holding Inc, VA) as described
previously (Baldwin et al., 1995; Karimullina et al., 2012).

RNA extraction

RNA was extracted from fresh female Daphnia magna of a variety of ages (2—14 days old)
with PureZol (BioRad, Hercules, CA) according to the manufacturer’s directions followed
by digestion of residual genomic DNA with DNAse (Promega, Madison, WI). cDNA was
synthesized from 2ug of RNA with Moloney Murine Leukemia Virus-Reverse Transcriptase
(MMLV-RT), a dNTP mixture, and random hexamers (Promega).

Cloning Daphnia magna HR97a (Clem-magnaHR97a)

Each of the HR97 nuclear receptors was cloned from the D. magna housed at Clemson. This
Clemson strain and its associated nuclear receptors are called the Clem-magnaHR97s to
distinguish that they are D. magna HR97s from the Clemson strain. In contrast, the genome
was cloned from strain XInb3 from Finland in turn is termed the Fin-magnaHR97s. To clone
Clem-magnaHR97a, a small segment of the magnaHR97a gene was isolated using the
following primers designed based on the D. pulex HR97a genome sequence (DappuHR97a)
(Thomson et al., 2009): F-97a-GL: 5’-CCAACTCGAGTGGAGGAGAG-3; R-97a-GL: 5/-
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GCCACCTTTGAGCAGGATAC-3. The PCR product was ligated into pCR 2.1 by TA
cloning (Invitrogen, Carlsbad, CA). DNA sequencing was performed by MacrogenUSA
(Rockville, MD). The Invitrogen 3’ RACE kit (Invitrogen, Carlsbad, CA) was used to
amplify the 3’ half of the gene. The forward primer used in the first 3’ RACE PCR is F-97a-
GL. F-GSP-97a (5-TAC GCT CGC TTG ATG GCC GAC -3’) was used in the nested PCR.
After that, PCR was performed using primer pair 97a-F2/R-97a-GL. 97a-F2 (5'-
CAAGAGTTACCATTTCGGCG -3)was designed based on D. pulex’s sequence. The
cloning of HR97a was completed with the Invitrogen 5’ RACE kit (Invitrogen, Carlshad,
CA). The steps of 5" RACE include first strand cDNA synthesis, TdT tailing of cDNA and
PCR of the dT-tailed cDNA. Two reverse primers were designed based on the known
magnaHR97a sequence determined from the work described above. Primer sequence
information: R-GSP6-97a: 5-CACACTGGCCACGGTGACAGCAC -3’; R-GSP7-97a: &/
CGGAACGACGAAAGAAAGCCTTGC -3'. The former was used in the first 5 RACE
PCR and the latter was used in the nested PCR. DNA sequencing was performed by
MacrogenUSA (Rockville, MD). The Clem-magnaHR97a sequence has been submitted to
GenBank (JQ678702) as HR97a (NR1L1).

Cloning D. magna HR97b (Clem-magnaHR97b)

A small segment of the Clem-magnaHR97b (magnaHR97b) gene was isolated using primers
designed based on the D. pulex HR97b (DappuHR97b) sequence (Thomson et al., 2009):
F-97b-GL (5-GAG CTG CCT TCT GAA AGG TG-3’) and R-97b-GL (5-GCG TGA ACA
GAA CGA TCA AG-3) primers. The 3’-end of the magnaHR97b gene was cloned via 3’-
RACE (Invitrogen). The forward primer used in the first 3’-RACE PCR is F-97b-GL. F-
GSP-97b (5’-GGG AGT CGA CGA ACC GAC CAT CAT -3’) was used in the nested PCR.
Two rounds of 5-RACE (Invitrogen) was performed to isolate and determine the 5’-
sequence of magnaHR97b with gene specific and nested primers (5" —
GGACATGTTGGCGTTTGGCCAGCG -3; nested:5’ —
ACGGGTCGTAGACTAGCGCTCCTC-3) (5 -
GCTCGAAAAGTCGGCCATCAGCCG - 3; nested: 5’ —
GGCGAAACGACGAATCAGAGTCCC -3"). DNA sequencing was performed by
MacrogenUSA (Rockville, MD). The Clem-magnaHR97b sequence has been submitted to
GenBank (JQ678703) as HR97b (NR1L2).

Cloning D. magna HR97g (Clem-magnaHR97q)

Clem-magnaHR97g (magnaHR97g) was cloned using primer sets (F = forward; R = reverse)
F5/R4, F1/R1, and F97g-GL/R-97g-GL, which were designed based on the D. pulex HR97g
sequence (Thomson et al., 2009). F5: 5-GAAGATGTCCAGCGTCTTCT -3; R4: /-
TCAATTTGCGCCAGTTC-3; F1:5-ATGGATGACAGCAACAGTTCT-3; R1:5/-
CGAAGCCATCCTTTCTCCAT-3; F97g-GL: 5-ACATGGCCAAACATGTGTCA-3;
R979-GL: 5-TGTCTTCAAAGCTTGGTTCG-3'. PCR products were ligated into pCR 2.1
by TA cloning (Invitrogen). Fm2/Rm2 primer pair (Fm2: 5/-
CCAATTGGTGCAACACTCCTAG-3; Rm2: 5¥-GCTCGATCGGGCGTAAACAT-3") was
designed after sequencing the PCR products from the previous reactions and used to
determine the unknown areas within the middle of the gene. The 3’ end of magnaHR97¢g was
cloned following 3’-RACE (Invitrogen) with the following primers: F-GSP1: 5’-
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CCTGGAAGATGTCCAGCGCCTTCT-%; nested primer F-GSP2: 5’-
GCCCGATCGAGCAGATCTTGTTGCTCGT-3". DNA sequencing was performed by
MacrogenUSA (Rockville, MD). The Clem-magnaHR97g sequence has been submitted to
GenBank (JF792806) as HR97g (NR1L3).

Gene annotations and genomic structure

Annotation of the D. pulex’s NRs was performed previously (Thomson et al., 2009).
Identification of D. magna orthologs was performed by degenerative PCR and RACE as
described above, and later using the Basic Local Alignment Search Tool (BLAST) available
on the D. magna genome project’s webpage (http://server7.wfleabase.org/genome/
Daphnia_magna_prerelease/) in order to identify the gene structure (position, length, exon,
introns, and phase of each intron) of the three HR97 genes in clone XInb3 (Fin-
magnaHR97a/b/g). XInb3 is the strain of D. magna isolated from a pond in Finland from
which the D. magna genome is being sequenced. We were able to find the corresponding
HR97a, HR97b, and HR97g sequences and use this information to construct the genomic
model of each of the HR97 receptors. Percent protein sequence identities were also
compared between D. magna and D. pulex HR97 receptors, and between other distinct NR
groups using clustalw (http://www.ebi.ac.uk/Tools/clustalw2/).

Phylogenetics

Phylogenetic analyses of the HR97 receptors was performed using methods described
previously (Hannas et al., 2010; Thomson et al., 2009) with some modification. HR97a/b/g
from Fin-D. magna was compared to D. pulex and to similar NRs of other species available
in GenBank such as Drosophila melanogaster, Xenopus laevis, Danio rerio, Homo sapiens,
Ciona intestinalis, Ixodes scapularis, and Caenorhabditis elegans. NCBI accession numbers
for the receptors used in the phylogenetic analysis are available in Additional File 1. The
DNA binding domain (DBD) and the ligand binding domain (LBD) of each receptor were
identified using the conserved domain database (CDD) (Marchler-Bauer et al., 2007). Zf-C4
(pfam00105) was used to identify the DBD, and Hormone recep (pfam00104) was used to
identify the LBD. ClustalX default parameters were used to align the domains (Thompson et
al., 1997).

Trees were constructed using Bayesian Inference with MrBayes software version 3.1.2
(Ronquist and Huelsenbeck, 2003) on the Computational Biology Service Unit of Cornell
University (http://cbsuapps.tc.cornell.edu/mrbayes.aspx). Phylogenetic trees were
constructed using the “mixed-model” approach in which the Markov chain Monte Carlo
sampler explores nine different fixed-rate amino acid substitution models implemented in
MrBayes. We used 4 chains with runs of 5 million generations, chains sampled every 100
generations, a burnin of 10,000 trees with the WAG model (Whelan and Goldman, 2001).
The C. elegans NHR-1/NR1K1 receptor was used as the outgroup.

Maximum parsimony and distance parameters were used to provide additional support for
the phylogenetic relationships observed. Distance parameters were measured using PAUP
4.0b10 with default characteristics (mean character difference and among site rate variation),
and full heuristic searches. Branch support was measured by bootstrap analysis with 1000
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replicates. Parsimony was constructed using PAUP version 4.0b10 with heuristic searches,
tree-bisection-reconnection, topological constraints not enforced, and multiple tree option in
effect with an initial maximum tree setting at 100,000. Branch support was measured by
bootstrapping with 10,000 replicates. Trees were visualized with FigTree (http://
tree.bio.ed.ac.uk/software).

Expression plasmids for Transactivation Assays

Chimeric genes containing the D, E (LBD), and F domains of the magnaHR97a
(GAL4-97aDEF), magnaHR97b (GAL4-97bDEF), or magnaHR97g (GAL4-97gDEF)
receptors were attached to the DNA binding domain (DBD) of Gal4 for the purpose of
performing transactivation assays. The chimeras were constructed using the Clontech In-
Fusion Dry-Down PCR Cloning Kit according to the manufacturer’s directions (Clontech
Laboratories, Mountain View, CA). The D, E and F domains of each receptor were
amplified using primer pairs F-clontech-97a-BamHI (5’-GAA TTC CCG GGG ATC GAT
GAA CGC AAA GCC CTG ATG AAA GCA CGT -3'), R-clontech-97a-Xbal (5'-CTG
CGG CCGCTCTAGATCATTG GAG CTT GTT GGT ATC TTT GGC TGG TCG -3)
for HR97a, primer pairs F-clontech-97b-BamHI (5'- GAA TTC CCG GGG ATC GAT GAA
CGC AAA GCT TTA ATG AAA GCT CGA GC -3), and R-clontech-97b-Xbal (5’-CTG
CGG CCG CTC TAGA TCA GTG GGC GTC GTA AAG CTCTGAATATTC TTC-3)
for HR97b, and primer pairs F-clontech-97g-BamHI (5'-GAA TTC CCG GGG ATC GAA
GAA AAT GTG AAA ATG AGA GAG GCC AAG-3) and R-clontech-97g-Xbal (5’-CTG
CGG CCG CTC TAGATTAAAC TGG GTT ATC TGT TTC CAT TTG TTG ACT-3') for
HR97g. The PCR products were inserted into the pBIND vector (Promega CheckMate
Mammalian Two-hybrid system; Promega, Madison, WI) in frame after the GAL4 DNA
binding domain.

Transactivation Assays

HEPG2 human hepatoma cells (ATCC, Rockville MD) were cultured in phenol red free
Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech, Manassas, VA) supplemented
with10% fetal bovine serum (HyClone, Logan, UT), 1% L-glutamine (Invitrogen, Carlsbad,
CA) and 1% Penicillin/Streptomycin (Invitrogen, Carlsbad, CA) at 37°C under 5% CO5.

HepG2 cells were plated in 12-well plates at 200,000 cells per well. To determine chemical
activation of HR97 receptors, cells were transfected with 0.02 pg of the GAL4-97a/b/gDEF
chimeric plasmids, and 0.1 ug the reporter plasmid pG5luc that contains five GAL4 binding
sites upstream of the firefly luciferase gene (Promega CheckMate Mammalian Two-hybrid
system) using Effectene Transfection Reagent according to the manufacturer’s
recommendations(Qiagen, Valencia, CA). Cells were either left untreated or treated with the
chemicals of interest dissolved in 0.1% DMSO. Untreated wells also received 0.1% DMSO.
Luciferase activity was measured 24 hours after chemical treatment with the Steady-Glo
Luciferase Assay System (Promega). Several hormones, fatty acids, and xenobiotics were
used to test whether they activated the different HR97 receptors. These included 4-
nonylphenol (CAS 84852-15-3), bisphenol A (80-05-7), chlorpyrifos (2921-88-2), cortisol
(50-23-7), dihyroandrosterone (1852-53-5), ethyinyl estradiol (57-63-6), B-estradiol
(50-28-2), endosulfan (115-29-7), parathion (56-38-2), methyl farnesoate (10485-70-8),
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pyriproxyfen (95737-68-1), palmitic acid (57-10-3), stearic acid (57-11-4), oleic acid
(112-80-1), linoleic acid (60-33-3), and arachidonic acid (506-32-1). None of the chemicals
are toxic at the concentrations tested as determined by MTS assays with the exception of 30
UM pyriproxyfen (Promega).

Typically, data are presented as the mean of triplicate assays * standard error. Statistical
significance was determined by ANOVA followed by Dunnett’s test as the post hoc test
when comparing samples to control samples (following chemical treatment or no treatment),
or Tukey’s multiple comparison test as the post-hoc test when comparing multiple
treatments (following the mammalian two-hybrid assays). The GraphPad Prizm 4.0
statistical and graphing package (La Jolla, CA) was used for statistical analysis and
graphing. For the concentration-response studies, activities were normalized as a percent of
the maximal activation and concentrations were log transformed to determine EC50 values
from the sigmoidal concentration-response curves generated by GrapPad Prizm 4.0 as
described previously (Baldwin and Roling, 2009; Karimullina et al., 2012).

Quantitative Real-time PCR (qPCR)

Daphnia magna age 2, 4, 7, and 14 days were collected from four 1 L culture beakers per
age group. RNA was extracted and cDNA made as described above. gPCR was performed
as described by us (Mota et al., 2010; Roling et al., 2006) and others (Muller et al., 2002)
using Pactin (Heckmann et al., 2006; Kim et al., 2009) (Forward 5’-CCA CAC TGT CCC
CAT TTA TGA AG-3-3’; Reverse 5’-CGC GAC CAG CCA AAT CC-3, annealing
temperature 52.2°C) as the reference gene. PCR efficiency was determined from standard
curves developed from 1:1, 1:5, 1:25, 1:125, 1:625, and 1:3125 dilutions of a composite
cDNA sample. Samples were diluted 1:5 and amplifications were performed in triplicate
with a 96-well iQ5 real-time PCR (Bio-Rad) with SYBRGreen PCR mastermix
(SABiosciences, Frederick, MD) to quantify gene expression. gPCR results were normalized
to the expression of p-actin (Heckmann et al., 2006). Samples were analyzed by taking the
efficiency curve of the qPCR reaction to the power of the threshold cycle divided by the
reference gene as described previously (Muller et al., 2002).

The sequence and annealing temperatures of the HR97 gPCR primers are: magnaHR97a:
Forward 5’-ACA GTG GTG CTA CAG CCG CTA ATA-3; Reverse 5-AGA GTC GCA
AGA TAA TCC GCC GAA-3, annealing temperature 56°C. magnaHR97b: Forward 5'-
TAA-CCG-ACG-CCG-CTC-AAT-CCT-ATT-3; Reverse 5-ATG-TTG-AAC-CGG-CGG-
GAA-ATG-ATG-3, annealing temperature 56°C. magnaHR97g: Forward 5-GCG TAC
ATG GCC AAA CAT GTG TCA-3’; Reverse 5-TGC CTA GCT TGG CCT CTC TCA
TTT-3 at annealing temperature of 57°C. The sequence and annealing temperatures of the
vitellogenin 2 (Vtg2) gPCR primers are: Vtg2: Forward 5-GCA CTC TTT CTC GTT ATT
GCT G; Reverse 5’-GAT CTT GAC TGG GCT ATT GAT T-3 at annealing temperature of
60°C (Tokishita et al., 2006). Data are presented as mean * standard error (n = 4-5).
Statistical significance was determined by ANOVA followed by Dunnett’s test as the post
hoc test using the GraphPad Prizm 4.0 statistical and graphing package (La Jolla, CA).
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Immunohistochemistry of HR97g

Organ specific expression of HR97g was evaluated by immunohistochemistry. Daphnia
magna were preserved in 10% formaldehyde (Fisher Scientific), processed in a LEICA
ASP300S automatic sample processer (Leica Microsystems, Bannockburn, IL), and
embedded in paraffin blocks using the LEICA EG1150C (Leica). Five micron sections were
cut with a LEICA RM2165 rotary microtome, transferred onto a slide coated with 3-
aminopropyltriethoxysilane and fixed by drying on a hot platform. Samples were
deparaffinized and rehydrated using a standard step wise protocol with a xylene, alcohol,
PBS gradient prior to antigen retrieval. Immunohistochemistry was performed as described
as previously performed at the Clemson University Animal Histology facility (Johnstone et
al., 2008).

An antigen affinity purified Rabbit anti-Daphnia HR97g antibody was used to determine
organ specific expression of HR97g by immunohistochemistry. The antibody was prepared
against a KLH-conjugated N-terminal (A/B domain) sequence (GSSNEENAVPENKSC) of
HR97g (Genscript, Piscataway, NJ). Specificity was demonstrated by ELISA and confirmed
by peptide competition IHC assays with 10 and 100-fold peptide dilutions (Additional File
2). Slices of whole daphnids were incubated with the HR97g primary antibody (40 mg/ml)
in blocking solution at room temperature in a humidified chamber for 60 minutes followed
by three washings with PBS for 5 minutes each. Samples were incubated with a 1:200
dilution of goat anti-rabbit secondary antibody (Invitrogen) tagged with Alexa fluor green
fluorescent dye in blocking solution for 60 minutes, washed three times in PBS for 5
minutes each, and mounted with a cover slip prior to imaging. Images were obtained with an
Optishot 2 under a DAPI green fluorescent filter (Nikon, Melville, NY), and captured with a
Spot camera model 1.1.0 (Diagnostic Instruments, Sterling Heights, Ml).

RESULTS

Phylogenetics

The combined C (DBD) and E (LBD) domains of the three NR1L group members (Clem-
magnaHR97a/b/g; Clemson University strain of D. magna) were phylogenetically compared
to the related NR1J group that contains HR96 (Thomson et al., 2009) and its relatives, the
NR1I group that contains CAR, PXR, and VDR (Karimullina et al., 2012; Lin et al., 2011).
The phylogenetic tree separates the receptors into three clades: a NR1L clade that contains
the HR97s, a NR1J clade that contains the HR96s, CeNHR48, CeNHR8 and CeDAF12, and
a NR1lI clade that contains CAR, PXR and VDR (Fig. 1). There are no disagreements
between the three programs; Bayesian Inference, Maximum Parsimony and Neighbor-
Joining. The HR97s are more closely related to the HR96s than to their vertebrate relatives,
CAR, PXR and VDR. Differentiation among the three HR97 paralogs occurred before the
speciation of D. magna and D. pulex, and is in agreement with previous studies that HR97g
is the precursor of HR97a and HR97b (Thomson et al., 2009). Overall, the phylogenetic tree
further confirms that the HR97s constitute a distinct NR group related to HR96.
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Genomic Structure and Nuclear Receptor Domain Comparisons

The position, length, and phase of each HR97a/b/g intron (0, 1, or 2 base pairs into a codon)
from the genomic sequenced D. magna clone, XInb3 (Fin-magna)(https://
wiki.cgb.indiana.edu/display/magna/Daphnia+magna+Genome) was determined following
D. magna genome BLAST searches. Similar to DappuHR97a and HR97b, the Fin-
magnaHR97a and HR97b genes are found in tandem repeat within the genome (Thomson et
al., 2009). The intron phases of each HR97 receptor are identical between each Fin-magna
receptor and its D. pulex homolog; however, HR97a/b differs from HR7g in both the
number of introns and intron phases (Fig. 2).

The five NR domains of Clem-magnaHR97a/b/g were also compared to their corresponding
domains in Fin-magnaHR97a/b/g and DappuHR97a/b/g (Table 1). ClustalX alignments of
HR97a, HR97b, and HR97¢g between the different strains and species are available in
Additional Files 3-5. The Clem-magna sequences agree well with the Fin-magna strain of
D. magna with only minor variances. In general, the five domains, especially the C and E
domains, are also very similar between D. magna and D. pulex with identity scores greater
than 90. The A/B and F domains showed the lowest scores. These differences in scores are
primarily due to differences in the size of the corresponding domains from D. magna to D.
pulex. However, there are exceptions as the identity score between D. magna and D. pulex
HR97a’s A/B domain is 68 due to differences in both size and amino acid composition, and
the identity score of 70 between D. magna and D. pulex HR97g’s D domain is almost
exclusively caused by a region of this domain with little similarity. Overall, the HR97
receptors do not show as high of sequence or genomic structure conservation as the related
HR96 receptors (Fig. 2e).

In addition, the five domains of Clem-magnaHR97a were aligned with the corresponding
domains of several other NRs (Table 2). MagnaHR97a is highly similar to magnaHR97b in
the C and E domains, but not as similar to other receptors, including HR97g. This confirms
that HR97g is substantially different from the duplicated HR97a and HR97b forms, and
suggests that HR97g has unique ligand and DNA binding characteristics. HR97g also
contains the same DBD base-contact residues unique to NR1J members such as HR96
(Antebi et al., 2000; Thomson et al., 2009), while magnaHR97a, magnaHR97b, and ISHR97
contain slightly different base-contact residues (Additional File 6).

Age and Tissue-Dependent Expression of HR97g

To determine age-related expression of HR97a/b/g in D. magna, groups of organisms were
cultured and collected at 2, 4, 7, and 14-days of age, and expression analyzed by qPCR (Fig.
3). HR97a, HR97b, and HR97g mRNA levels generally increase with age with the highest
expression at day 7 or 14. Both HR97a and HR97b, which are found in tandem repeat, show
incredibly similar expression profiles with the greatest expression during adolescence (Fig.
3AB). HR97g shows a similar pattern of expression as HR97a/b, but HR97g mRNA
expression shows a steady increase with increasing age into adulthood (Fig. 3C).
Vitellogenin 2 (Vtg2), the ovarian produced egg lipoprotein (Hannas et al., 2011), was used
to confirm ovarian maturation in these stages (Fig. 3D). Vtg2 expression demonstrates that
the ovaries are mature or maturing by 7-days of age. Vtg2 also follows a similar pattern of

Gen Comp Endocrinol. Author manuscript; available in PMC 2015 September 15.


https://wiki.cgb.indiana.edu/display/magna/Daphnia+magna+Genome
https://wiki.cgb.indiana.edu/display/magna/Daphnia+magna+Genome

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

1duosnuely Joyny vd-HIN

Lietal.

Page 10

preferential expression to HR97s receptors in the 7-day and older daphnids; however,
instead of an increase of expression of approximately 5X, expression was increased 31-33X.

Immunohistochemistry (IHC) of HR97¢g from 4 and 14-day old daphnids indicates greater
fluorescence in the mandibular region, ovary (OV), and gastrointestinal tract (G) than other
tissues of D. magna (Fig. 4) with a strong increase in expression in the ovaries by day 14
(Fig. 4E). The localization of HR97g implies a role in diet, reproduction, or potentially
juvenoid hormone function as the mandibular organ is the site of methyl farnesoate synthesis
—methyl farnesoate is the crustacean juvenile hormone (Laufer and Biggers, 2001).

Constitutive HR97 Transactivation

Cells were transfected with Gal4 chimeric receptors containing Clem-magnaHR97a, Clem-
magnaHR97b, or Clem-magnaHR97g (GAL4-97a/b/gDEF) and the pG5luc reporter gene to
determine if the magnaHR97 receptors are ligand-independent activators of gene expression.
HR97a and HR97g repressed constitutive transcription of the luciferase reporter in the
absence of added ligand, while HR97b significantly increased transcription under the same
conditions (Fig. 5A). We subsequently transfected cells with increasing concentrations of
the GAL4-97a/b/g-DEF chimeric plasmids in the presence of the unaltered pBIND-GAL4
vector to ensure equal plasmid loading and further characterized the constitutive activity of
the HR97 receptors. HR97a and HR97g exerted weak, but discernable concentration-
dependent repression of pBIND-induced transcriptional activity in the absence of ligand
(Fig. 5B, Fig. 5D), suggesting that these receptors are transcriptional repressors in the
absence of ligand. Other NRs, such as PXR, have also been found to repress gene expression
in the absence of ligands because of their recruitment of co-repressors (Ourlin et al., 2003;
Takeshita et al., 2002). In contrast, HR97b activity was inhibited in the presence of the
empty pBIND-GALA4 plasmid, and HR97b alone significantly increased transcriptional
activity (Fig. 5C). These data may also indicate that there is competition for binding to the
GAL4 DNA binding site on the pG5luc plasmid between the GAL4-97a/b/g-DEF chimeric
plasmids and the empty pBIND-GAL4 with GAL4-HR97b showing greater activity and
GAL4-HR97a and g showing repressive activity.

Ligand-dependent HR97 transactivation

Transactivation assays were also performed in the presence of several different chemicals to
test whether the magnaHR97 receptors act as promiscuous xenobiotic/endobiotic sensors
similar to some of the related NR1l (CAR/PXR) and NR1J (HR96, C. elegans-nhr-8)
receptors (Hernandez et al., 2009; Kliewer et al., 1998; Lindblom et al., 2001), including
Daphnia HR96 (Karimullina et al., 2012). Of the chemicals tested at 10 uM, only the
juvenile hormone analog, pyriproxyfen significantly activated transcription (Fig. 6).
Pyriproxyfen increased magnaHR97g-mediated transcriptional activity by 54%, but not
magnaHR97a or HR97b. Arachidonic acid (AA), an n-6 polyunsaturated fatty acid,
decreased magnaHR97a, HR97b, and HR97g activity (Fig. 6). Overall, the data suggests the
HR97 receptors are not promiscuous NRs at least when compared to related receptors
(Baldwin and Roling, 2009; Hernandez et al., 2009; Karimullina et al., 2012).
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Methyl farnesoate, a juvenile hormone, and its analog pyriproxyfen initiate the production of
males for sexual reproduction in cyclic parthenogenic Daphnia species (Olmstead and
LeBlanc, 2002; Wang et al., 2005). Because pyriproxyfen activates HR97¢g suggests the
possibility that HR97g contributes to the regulation of male sex determination, therefore,
further concentration-dependent assays were performed with both pyriproxyfen and methyl
farnesoate, the endogenous juvenoid hormone produced by crustaceans (Eads et al., 2008).
Pyriproxyfen did not activate HR97a or HR97b (Fig. 7). Pyriproxyfen did increase
transcriptional activation of HR97g in a concentration-dependent fashion with peak
activation at 10 uM and a significant decrease at 30 uM, presumably because of noticeable
cell toxicity. Concentration-response curves indicate that the EC50 of pyriproxyfen is 3.36
UM, which is quite high and its activation of about 1.5X is quite small. Methyl farnesoate
also activates HR97g, but not HR97a or HR97b (Fig. 7d). HR97g-mediated luciferase
activity is increased in the presence of methyl farnesoate in a concentration-dependent
manner with 30 UM exerting the maximal transcriptional effect (Fig. 7e).

AA was the only chemical tested that repressed constitutive HR97a, HR97b, and HR97g
transactivation activity (Fig. 6), and therefore AA is considered an inverse agonist (Baldwin
and Roling, 2009; Forman et al., 1998; Huang et al., 2004). The EC50 of AA was lower for
HR97g than HR97a or HR97b. Overall, AA was more efficacious and potent at inhibiting
HR97g activity than HR97a or HR97b (Fig. 8). Concentration-response analysis with
HR97g revealed an EC50 of 26.8uM with a 95% Confidence interval of 12 — 60 uM (Fig.
8A). These values are within physiological ranges, which vary from approximately 0.5 — 15
UM in uninvolved or inactive tissues to 35 — 100 pM in active or inflamed tissues that
recently unesterified arachidonic acid (Brash, 2001). In other words, HR97g is inhibited by
arachidonic acid at concentrations found in cells that have recently undergone physiological
changes or stress that caused arachidonic acid release.

DISCUSSION

The HR97 receptors are a newly discovered clade of receptors that were placed in the NR1L
group (Thomson et al., 2009). D. magna and D. pulex both express three distinct HR97
receptors of which HR97a and HR97b are found in tandem duplicate in the genome. Here
we confirm that they are a novel group; separate but related to the invertebrate HR96
receptors that are involved in lipid metabolism and chemical detoxification (Bujold et al.,
2010; Karimullina et al., 2012; King-Jones et al., 2006; Sieber and Thummel, 2009).

While discovered in Daphnia species, the HR97 receptors are not specific to Daphnia.
Phylogenetic analyses confirm that the Ixodes scapularis (deer tick) genome contains a
member of the NR1L group (IsHR97) (Fig. 1), as does Metaseiulus occidentalis (western
predatory mite; GenBank accession number XP_003748267; data not shown). Ixodes and
Metaseiulus are arachnids and found within the Chelicerata, an ancient order of Arthropoda
(Regier et al., 2010). Nevertheless, the HR97 receptors have not been observed in any of the
insect genomes sequenced (Adams et al., 2000; Colbourne et al., 2011; Consortium, 2008;
Cruz et al., 2009; Emes et al., 2003; Maglich et al., 2003). The arthropods are typically
separated into different clades based on the Pancrustacea or Mandibulata (Pancrustacea +
Myriapoda) hypothesis described previously (Giribet and Ribera, 2000; Regier et al., 2010;
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Rota-Stabelli et al., 2011) (see Figure 9 for a graphical representation of arthropod
evolution). Therefore, HR97 receptors could be present in several other arthropod genomes,
including spiders, centipedes, ostracods, and potentially decapod crustaceans. HR97
receptors may also be present in arthropod ancestors. Based on this data, we conclude that
HR97 is found in ancient arthropods, was amplified within the genome sometime during the
evolution of arthropods, but lost in the insects (Hexapoda; a modern lineage).

We hypothesized that D. magna HR97s may be promiscuous toxicant receptors activated by
a plethora of environmental chemicals because they are related to CAR, PXR, and HR96
(King-Jones et al., 2006; Kretschmer and Baldwin, 2005). However, our data does not
support this hypothesis as few of the chemicals we tested activated HR97 (Fig. 5); many of
these chemicals activated Daphnia HR96 (Karimullina et al., 2012). Not all receptors related
to the HR97s are promiscuous chemical sensors. The NR1J member DAF-12 in C. elegans,
for example, has been shown to regulate dauer diapause and development (Antebi et al.,
2000). The VDR is primarily activated by the steroid hormone, vitamin D (Haussler and
McCain, 1977; Umesono et al., 1991). Furthermore, many of the promiscuous xenobiotic
receptors such as HR96, CAR, and PXR have other functions; most likely as regulators of
lipid homeostasis (Dong et al., 2009; Finn et al., 2009; Horner et al., 2009; Sieber and
Thummel, 2009).

The n-6 unsaturated fatty acid, AA has been identified as a putative ligand for each of the
HR97 receptors with HR97g showing the greatest response (Fig. 6, 8); although AA does
not completely block HR97¢ activity. Interestingly, AA is one of the few unsaturated fatty
acids tested that does not alter HR96 activity. Six different fatty acids were previously tested
as Daphnia HR96 transcriptional modulators (arachidonic, oleic, linoleic, a-linolenic, DHA,
and eicosapentaenoic (EPA) acids). The n-3 fatty acids were inhibitors and the n-6/9 fatty
acids were activators with the exception of AA, which had no activity towards HR96
(Karimullina et al., 2012). Instead, AA inhibits HR97 activity. This suggests a division of
function between HR96 and the HR97s potentially associated with AA metabolism or use in
Daphnia.

AA is the only chemical we have found at this time that can modulate HR97 receptors at
physiological concentrations as HR97g has an EC50 of 26.8uM. In inactive tissues, AA
concentrations are typically below 30puM; however, concentrations can reach much higher
during inflammatory reaction or stimulated tissues where concentrations have been reported
as high as 100 uM (Brash, 2001). An example of another receptor that is activated by
endogenous ligands at M concentrations is RXR. The EC50 of 9-cis-retinoic acid for RXR
is 0.5uM (Schwimmer et al., 2004), while the EC50 of the putative endogenous RXR ligand
docosahexaenoic acid (DHA) is > 50 uM (Calderon and Kim, 2007). However, it is also
possible that AA metabolites such as the prostaglandins, leukotrienes, and
epoxyeicosatrienoic acids are HR97 ligands (Du et al., 2005; Hurtado et al., 2009; Sears and
Ricordi, 2012).

Daphnia incorporate and utilize the fatty acids they eat, and their fatty acid composition
reflects their primarily algal diet (Brett et al., 2006) with the rapid conversion of DHA to
EPA and the preferential retention of two key fatty acids; AA (n-6), and EPA (n-3) (Taipale
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et al., 2011; von Elert, 2002). Given HR96’s proposed role in triglyceride absorption and
energy metabolism(Sieber and Thummel, 2009), and the potential for it to be involved in
unsaturated fatty acid signaling through the n-3 fatty acids, DHA and EPA (Karimullina et
al., 2012), it is possible that other putative NRs (i.e. HR97s) may recognize the retained n-6
fatty acid, AA. Studies indicate that AA is not involved in growth, and instead is (Becker
and Boersma, 2005); associated with early oocyte maturation in crustaceans (Chansela et al.,
2012).

The preferential expression of the HR97s in adults (Fig. 3), and specifically within the
ovaries (Fig. 4) suggests a role for the HR97s in reproduction. Under the temperature and
culture conditions used, daphnids typically bear eggs in their brood chamber at
approximately day 7 and release their first brood at approximately 9-10 days of age. Vtg2
expression indicates a mature ovary by day 7 (Fig. 3). Our data indicates that HR97a and
HR97D is preferentially expressed as daphnids transition from juveniles to reproductively
competent adults, and HR97g is preferentially expressed in reproductively competent adults.
Thus, HR97s may help a rapidly reproducing R species such as D. magna best allocate
energy resources towards reproduction.

Free fatty acids and polar lipids have recently been found to bind or activate a number of
NRs. For example, triacylglycerols, cholesterol, and unsaturated fatty acids have been
shown to activate HR96 (Karimullina et al., 2012; Sieber and Thummel, 2012). Linoleic
acid is found within the binding pocket of HNF4a (Yuan et al., 2009), LRH-1 is sensitive to
DLPC, a phosphatidylcholine (Lee et al., 2011), phosphatidy! insositols bind SF-1 (Krylova
et al., 2005), and the PPARs respond to a suite of unsaturated and saturated fatty acids
(Desvergne and Wahli, 1999). Taken together, it is not unique that AA, a critically important
unsaturated fat in Daphnia and other species, could be a NR ligand.

However, it cannot be ruled out that there are other HR97 ligands or each HR97 has its own
distinct ligand. The genomic structure and amino acid identity of the HR97 receptors vary
considerably between the different HR97s (Table 2) and between different daphnid species
(Table 1). In constrast, HR96’s amino acid identity (Karimullina et al., 2012) and genomic
structure (Fig. 2) are extremely similar when comparing between the different daphnid
species. These differences in the C and E domains suggest that HR97a/b have similar DNA
binding properties and therefore potentially similar transcriptional functions, but HR97g’s
probably differ. All three HR97 receptors show differences in their LBDs with HR97g
showing the greatest disparity compared to the other receptors (Table 2). In turn,
pyriproxyfen and methyl farnesoate activate HR97g but not HR97a and HR97b (Fig. 6, 7).
However, activation is weak (about 1.5X) and probably only at supraphysiological
concentrations. Therefore HR97g is mostly likely not a juvenoid receptor. Furthermore, two
separate studies have demonstrated a key role for MetR (methoprene resistance receptor) as
the methyl farnesoate receptor involved in male production (LeBlanc et al., 2013; Miyakawa
et al., 2013) further reducing the likelihood that HR97g is a juvenoid receptor.

The amplification and alteration of the HR97 NRs in the Daphnia genome is intriguing. A
recent study, using genomic, biochemical, structural, and phylogenetic analyses, has shown
that modern NRs evolved through subtle tinkering of a ligand-dependent ancestral receptor
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related to HNF4 (Bridgham et al., 2010). Differences in the constitutive regulatory functions
of HR97a and HR97b provides further evidence that closely related NRs could develop
different roles through subtle changes in amino acid composition during evolution. The
relationship between HR97a and HR97b is similar to CAR and PXR, two closely related
receptors in the NR1I group. PXR, like HR97a, represses gene expression in the absence of
ligand because of its recruitment of co-repressors such as NCoR (nuclear receptor co-
repressor) and SMRT (silencing mediator for retinoid and thyroid hormone receptors)
(Hernandez et al., 2009; Takeshita et al., 2002). CAR, like HR97b, has significant
constitutive activity in the absence of ligands (Baes et al., 1994).

Interestingly, the constitutive activity of CAR is attributed to the active orientation of the AF
(activation function)-2 helix within AF-2 motif of the LBD (Xu et al., 2004). There are two
primary motifs in a NR that are involved in the recruitment of cofactors; AF-1 in the A/B
domain and AF-2 in the LBD (Hernandez et al., 2009; King-Jones and Thummel, 2005).
Because the AF-1 domain of HR97a/b was not included in our chimeric plasmids, the
difference in the constitutive activity of the NRs in the transactivation assays is most likely
attributed to the AF-2 motif within the LBD. This study provides additional evidence that
the LBD of a NR is crucial for functions beyond ligand-binding, including its distinct
activation functions, and that these LBD functions are conserved in a crustacean species.

In summary, this study provides a partial characterization of the newly discovered HR97
(NRZ1L) group of nuclear receptors in D. magna (Fig. 1). Phylogenetic comparison to other
model organisms demonstrates that the HR97 receptors exist in early arthropod species such
as chelicerates (tick). Therefore based on the Pancrustacean/Mandibulata hypothesis (Regier
et al., 2010; Rota-Stabelli et al., 2011), we hypothesize that the HR97 receptors may be
found in several distinct arthropod groups that evolved after the chelicerates and before the
insects (Fig. 9). However, unlike their NR relative HR96/CAR/PXR, the HR97 receptors do
not appear to be promiscuous. Similar to many other NR1 family members (Bujold et al.,
2010; Dong et al., 2009; Finn et al., 2009; Horner et al., 2009; Sieber and Thummel, 2009),
the HR97 receptors appear to respond to dietary cues, specifically the dietary fatty acid, AA
or its metabolites. Last, the expression patterns of the HR97 receptors suggest a role in
reproduction and because AA is one of two unsaturated fatty acids specifically retained by
crustaceans and concentrated in the ovaries (Chansela et al., 2012). Future studies will
investigate the role of AA in Daphnia reproduction. In conclusion, the HR97 group is a
novel NR group that we propose based on its expression and the limited data we have for
putative ligands, can sense dietary changes and in turn alter reproduction.
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Fig. 1. Phylogenetic analysis of the NR1L nuclear receptor group
Bayesian Inference, Maximum Parsimony, and Neighbor-Joining were used to determine the

relationship of the NR1L (HR97) group of NRs to the related NR1J and NR1I groups. NRs
from several different species were analyzed following alignment of their conserved C
(DBD) and E (LBD) domains using Bayesian Inference, Maximum parsimony and
Neighbor-Joining methods. The Bayesian tree is shown with posterior probabilities from the
Bayesian tree, and bootstrap support values (frequency of occurrence) from the Neighbor-
Joining and Maximum Parsimony trees provided in order from left to right, respectively as
confirmatory analysis of the Bayesian analysis at each node. CeNHR1 (NR1K1) was chosen
as the outgroup. Abbreviation of species names are as follows: magna=Daphnia magna,
Dappu=Daphnia pulex, Is=Ixodes scapularis, Ce=Caenorhabditis elegans, Dm=Drosophila
melanogaster, Ci=Ciona intestinalis, Dr=Danio rerio, Hs=Homo sapiens, XI=Xenopus
laevis. Accession numbers of the analyzed NRs are provided in Additional File 1.
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Fig. 2. The gene structure of the NR1L nuclear receptors is identical between D. magna and D.
pulex.<
br>The blocks represent exons, the numbers inside the blocks indicate exon size, the

numbers above the lines indicate intron size, and the numbers in parentheses represent the
intron phases. The gene structures of HR97a (A), HR97b (B), HR97g (C), and HR96 (D).
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Fig. 3. Age-dependent expression of the HR97 receptors.<
br>QPCR was performed with primers specific to HR97a (A), HR97b (B), or HR97¢g (C)

with daphnids at age 2, 4, 7, and 14-days old. Data is expressed as mean + SEM. An asterisk
(p< 0.05) or two asterisks (p < 0.001) indicate significance compared to 14-day old daphnids
by ANOVA followed by Tukey’s multiple comparision test (n = 4-5).
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Fig. 4. Organ-dependent expression of HR97g.<
br>HR97g is primarily expressed in the mandibular organ (MO), ovaries (OV), and

gastrointestinal tract (G). Immunohistochemical analysis of HR97g expression was
performed as noted in the Materials and Methods. Hematoxylin and eosin staining (H&E) of
D. magna (A). IHC fluorescence in the absence of the primary antibody in a 4-day old
juvenile daphnid (10X magnification)(B). IHC fluorescence in a juvenile daphnid (4-days
old) at 10X and (C) 40X magnification (D). IHC from an ovary of a 14-day old daphnid (E).
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Fig. 5. Constitutive transcriptional activity of HR97 receptors.<

br>A) HepG2 cells were transfected with 0.02 mg of pBIND-GAL4-97a/b/g-DEF chimeric
plasmid and 0.1 pg of the reporter plasmid, pG5luc. Control cells were transfected with
pG5luc only and transactivation activity was measured as described in the Materials and
Methods. Only HR97b increases constitutive activity. (B-D) Cells were transfected with 0,
0.01, 0.02, 0.04 or 0.08 pg pBIND-GAL4-97a/b/g-DEF chimeric plasmid supplemented
with empty pBIND-GALA4 vector to ensure all wells contained 0.08ug of total expression
plasmid and luciferase activity measured. Assays were performed two times. An asterisk (p
< 0.05) or two asterisks (p < 0.01) indicates statistical significance as determine by ANOVA
followed by Dunnett’s multiple comparison test with GraphPad Prizm 4.0 (n = 3).
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Fig. 6. Ligand-dependent activation of HR97g
HepG2 cells transfected with 0.02 mg of GAL4-97a-DEF (A) GAL4-97b-DEF (B), or

Gal4-97g-DEF (C) and 0.1 mg of the pG5Iluc reporter plasmid were treated with several
chemicals, and luciferase activity measured. All chemicals were tested at 10 mM except
oleic, linoleic and arachidonic acid, which were tested at 100 mM. Statistical significance
was determined by ANOVA followed by Dunnett’s multiple comparison test as the post-hoc
test. An asterisk indicates p < 0.05 and two asterisks indicate p < 0.01 (n = 3-4).

Gen Comp Endocrinol. Author manuscript; available in PMC 2015 September 15.



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

1duosnuely Joyny vd-HIN

Lietal.

Page 26

120001

A
30004
50001

DMSO 1 3 10 30
Pyriproxyfen { v}

mh

DM SO 1 3 10 30
Pyriproxyfen (V)

Luminescert Units

Luminescent Units

40000 =

C
200004
200004
100004
0

DM SO 1 3 10 30
Pyriproxyfen (V)

Luminescent Units

S

D

HR97a HRS7b HR97g
Methyl Farnesoate + Receptor

% X
2 1.25 E
§ 1.00
o015
2050
g 0.25
0.00 DMSO 3 10 30

uM Methyl Farnesoate

Fig. 7. Pyriproxyfen and methyl farnesoate activate HR97g but not HR97a and HR97b in
transactivation assays.<

br>Cells transfected with GAL4-97aDEF (A), GAL4-97bDEF (B), or GAL4-97gDEF (C),
and the pG5luc reporter were exposed to pyriproxyfen at concentrations from 3—-30 mM and
luciferase activity measured as described in the Materials and Methods. (D) Activation of
HR97a, HR97b, and HR97b by methyl farnesoate at 30 mM. (E) Activation of HR97g by
methyl farnesoate. An asterisk indicates significance at p < 0.05, and two asterisks indicate
significance at p < 0.01 by ANOVA followed by Dunnett’s multiple comparison test using
GrapPad Prizm 4.0 (n = 3).
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Fig. 8. Inhibition of HR97 paralogs by arachidonic acid.<
br>HepG2 cells transfected with GAL4-97gDEF (A), GAL4-97aDEF (B), or

GAL4-97bDEF, and the pG5luc reporter were exposed to arachidonic acid at concentrations
from 0.1-100 mM and luciferase activity measured as described in the Materials and
Methods. Concentration-response curves and EC50s were determined with GrapPad Prizm

4.0 (n=3).
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Fig. 9. Cladogram designed based on the pancrustacean hypothesis.<
br>The different clades are shown in black, and examples are in red. Daphnia are members

of the Vericrustacea, which also includes crabs, shrimp, lobsters, copepods, and amphipods.
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The DNA-binding domains (C domain) and ligand binding domains (E domain) of the HR97 receptors are
well conserved between species and strains. The HR97 NRs from the Clemson strain of D. magna (Clem-
magna) were aligned to the corresponding HR97 NRs from the Finland D. magna (Fin-magna) strain and D.
pulex (Dappu), and identity scores were determined.

A. HR97a AB C D E F
Clem-magnaHR97a 100 100 100 100 100
Fin-magnaHR97a 97 100 100 97 99
DappuHR97a 68 100 84 90 47
B. HR97b AB C D E F
Clem-magnaHR97b 100 100 100 100 100
Fin-magnaHR97b 98 98 98 100 99
DappuHR97b 68 98 92 97 60
C. HR97g AB C D E F
Clem-magnaHR97g 100 100 100 100 100
Fin-magnaHR97g 100 97 99 99 100
DappuHR97g 83 84 70 90 76
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