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1 INTRODUCTION

“The capacity of DNA to store information vastly

exceeds that of any other known system.”

Dr. Michael Denton

There are five sensory senses by which individuals are able to obtain cues from
the outside world, process and interpret that information in the brain and elicit behavior.
Commonly recognized sensory systems are auditory, somatic sensation, vision,
gustatory sense (taste) and olfaction (smell). Even though taste and olfaction are
separate senses with their own receptors and brain circuits, their perception is often
intertwined. The combination of taste and olfaction is most visible in how we perceive
the flavors of the food as anyone with bad flu might indicate food tastes different

because the sense of smell is impaired.

1.1 OLFACTION

Animals in the natural habitat are surrounded by myriads of odors. These odors
constitute a rich source of information, and are perceived by specialized and sensitive
olfactory system. The olfactory system helps species to localize food, evade predators,
and recognize viable mates. Smell, almost more than any other sense, has the ability to
call up memories, and to modify moods. Patients with smell disorder suffer because of a
decrease in quality of life, as things become less enjoyable. Moreover, people suffering
from smell disorder witness lot of changes in their eating habits, some eat too little and
lose weight while others eat too much and gain weight. An impaired sense of smell can
be an early signs of depression, Parkinson’s disease, Alzheimer’s disease, or multiple
sclerosis (Lazic et al. 2007, Doty 2008, Doty 2009).

Linda Buck and Richard Axel in 1991 reported ground breaking findings that for
the first time shed light on the nature of olfactory receptors and in follow-up work these
authors made several seminal contributions to the processing of odor information in the
brain. The importance of their work was immense in the field of chemosensation, this

earned them the Nobel Prize in Physiology or Medicine in the year 2004. Today, the



field of olfaction is very active as availability of complete sequenced genomes and
modern data mining algorithms and molecular techniques pave the way to understand

and characterize olfactory receptor gene families, their function and elicited behavior.

1.1.1 OLFACTORY SYSTEM

In vertebrates the olfactory system consists of three major parts, the sensory
surface located in the nasal cavity, the target region of the sensory neurons (olfactory
bulb (OB) and higher brain centers. Within the sensory surface different cell types are
found, including olfactory sensory neurons (OSNs), supporting cells, basal cells and
brush cells. OSNs express a single olfactory receptor out of several receptor families
(monogenic expression). Neurons expressing the same receptor are scattered
throughout the olfactory epithelium (OE), but their axons converge onto a single target
region (glomerulus) in the olfactory bulb. Subsequently the odor information is then
passed to higher cortical and limibic areas, which are involved in odor perception and

emotional and physiological effects of particular odors (Kapur and Haberly 1998).

1.1.1.1 MAMMALIAN OLFACTORY SYSTEM

In higher organisms, the olfactory system controls a wide range of complex and
integrative functions such as emotional responses, reproduction, physiological
regulation, and social behaviors. To manage these diverse and complex varieties of
complex functions, up to five main, discrete and segregated olfactory subsystems are
present in rodents (Halpern 1987, Buck 2000, Firestein 2001). Two major subsystem
are the main olfactory epithelium (MOE) which detects volatile odorants and the
vomeronasal system (VNO) which is specialized in sensing pheromones in mice (Figure
1A) (Buck 2000, Mombaerts 2004). Volatile odorants are largely perceived by a
receptor family called odorant receptors (ORs), these ORs are expressed on the cilia
and dendritic knob of ciliated OSNs in the MOE that project their axons to the main
olfactory bulb (MOB). Other receptors that are expressed in MOE are trace amines-
associated receptors (TAARs), and membrane guanylyl cyclase receptor (GC-D) (Fulle
et al. 1995, Lindemann et al. 2005). The VNO or the Jacobson’s organ expresses three
receptor families, vomeronasal receptors type | and type Il (V1Rs, V2Rs) and formyl

peptide receptors (FPRs) (Figure 1A). The VNO is believed to house receptors involved



in detection of pheromones or disease-related compounds, these receptor families are
expressed by microvillous OSNs (Buck 2000, Riviere et al. 2009). Information from the
VNO is transmitted to the accessory olfactory bulb (AOB), which further projects
towards amygdala and hypothalamus that are involved in aggression and mating

behavior (Hasen and Gammie 2009).

1.1.1.2 TELEOST OLFACTORY SYSTEM

Contrary to the mammalian olfactory system, teleost fish have only one olfactory
system with a single olfactory organ called OE for olfactory epithelium (Figure 1B). In
many teleost fish species, the OE is rosette-shaped, with an inner region containing
sensory surface and non-sensory region on the periphery (Figure 1B). To date four
types of OSNs are found to be present in the sensory region of the OE. These OSNs
(ciliated, microvillous, crypt and kappe) project their axons in the olfactory bulb (OB)
(Hansen and Zielinski 2005, Ahuja et al. 2014). Furthermore, ciliated, microvillous, crypt
and kappe OSNs can be labeled with specific markers such as, respectively, OMP,
S100, TRPC2 and Go (Germana et al. 2004, Sato et al. 2005, Ahuja et al. 2014).
Ciliated neurons express large families of OR and TAAR genes, microvillous neurons
express V2R/OIfC receptors, and crypt neurons express a single V1R-related ORA
receptor (Hansen and Zielinski 2005, Alioto and Ngai 2006, Hussain et al. 2009, Oka et
al. 2012).

1.1.1.3 AMPHIBIAN OLFACTORY SYSTEM

Amphibians embody a transition point in the evolutionary tree, as they are the
first species to live on land (as adults). Larval Xenopus laevis have two distinct olfactory
organs, the main olfactory epithelium (MOE) and the vomeronasal organ (VNO) (Figure
1C). The MOE consists of ciliated and microvillous OSNs, these OSNs can be labeled
with tubulin, a marker for ciliated neurons and phalloidin, a marker for microvillous
neurons (Hansen et al. 1998, Manzini and Schild 2010). Xenopus has a family of
several hundred OR genes, and they are shown to be expressed in MOE (Figure 1C)
(Mezler et al. 1999, Gliem et al. 2013). In contrast the TAAR family of Xenopus is very
small, with only 3 TAARSs, out of which 2 are expressed in MOE and one is not involved
in olfaction (Gliem et al. 2013). Xenopus already possess a fully developed VNO, which



has microvillous OSNs expressing V2Rs (Hagino-Yamagishi et al. 2004). However,
contrary to mammalian V1Rs that are expressed in VNO, Xenopus V1Rs are reported
to be expressed in MOE (Figure 1C) (Date-Ito et al. 2008).
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Figure 1: Schematic diagram of olfactory systems in moue, zebrafish and Xenopus. Panel A: Main
olfactory epithelium (MOE) showing TAARs, Guanylyl cyclase-D and ORs receptors, Grueneberg
ganglion (GG), vomeronasal organ (VNO) expressing V2Rs, V1Rs, and FPRs, septal organ of masera
(SO). Panel B: Zebrafish olfactory system. Scheme showing olfactory epithelium expressing TAARSs,
ORAN1Rs, OIfC/V2Rs and ORs. Panel C: Xenopus olfactory system. Showing VNO, MOE and olfactory
nerve. Where V2Rs are expressing in VNO, whereas V1Rs, TAARs, ORs expressed in MOE.
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1.2 EVOLUTIONARY DYNAMICS of OLFACTORY RECEPTOR GENE
REPERTOIRES

Animals in the natural habitat are surrounded by myriads of odors which are a
rich source of information and are perceived by specialized olfactory receptor families.
During vertebrate evolution a big transition in such repertoires was necessitated by the
water to land transition. Study of olfactory receptor repertoires in different species can

provide tools to understand this evolutionary transition of the olfactory system.

1.2.1.1 ODORANT RECEPTORS (ORs)

Olfactory receptors are members of class A of GPCRs and can be classified into
two distinct groups based on their phylogeny, class | genes have orthologs in fish and
class Il genes have orthologs in mammals (Freitag et al. 1995, Freitag et al. 1998).
Xenopus is situated at an important branch point in evolution from aquatic to terrestrial
species, and possesses both class | and class Il OR genes. This division in OR genes
suggested that class | ORs are specialized to recognize water-soluble odorants,
whereas class |l ORs are used for detecting airborne stimuli. However recent studies
show that small number of class | ORs are present in human, mouse and other
mammalian species indicating a possible involvement in mammalian olfaction (Glusman
et al. 2001, Zhang and Firestein 2002, Niimura and Nei 2007).

OR coding regions are roughly 1000 base pair in length, intron less and found to
be expressed in ciliated neurons (Buck and Axel 1991, Mombaerts 2004, Sato et al.
2007). ORs have a dynamic family size in different species, human possess about 350
functional genes, mouse and rat possess in-between 1000 to 1200 and Xenopus above
800 OR genes. In teleosts, the OR repertoire is several fold smaller than that of
tetrapods, zebrafish are reported to have 147 ORs and pufferfish less than 50 (Figure 2)
(Niimura and Nei 2003, Young et al. 2003, Gibbs et al. 2004, Alioto and Ngai 2005). A
preliminary study found the OR repertoire size in coelacanths, members of lobe-finned

lineage to be similarly small as in ray-finned lineage (Picone et al. 2014).

1.2.1.2 VOMERONASAL RECEPTORS (VRS)
In rodents, there are three distantly related families of GPCR, vomeronasal
receptor type1 and type 2 (V1R, V2R) and formyl-peptide receptors (FPRs), all of which

1"



are expressed in the sensory neurons of the accessory olfactory organ named
vomeronasal epithelium (Herrada and Dulac 1997, Matsunami and Buck 1997, Dulac
2000, Riviere et al. 2009). The vomeronasal epithelium in mammals is organized in two
molecularly distinct layers, an apical layer expressing V1Rs, FPRs and a basal layer
expressing V2Rs (Buck 2000, Dulac 2000, Riviere et al. 2009). Interestingly, Xenopus
already possess a VNO that is anatomically separate from the MOE, but they only
express V2Rs in the VNO, and their V1Rs transcripts were found in the MOE (Date-Ito
et al. 2008).

Transient receptor potential channel C2 (TRPC2) is reported to be expressed
exclusively in mouse VNO, which makes it a very useful marker to study the VNO
function during vertebrate evolution. TRPC2 is involved in vomeronasal signal
transduction, and interestingly is absent in the species which have lost or significantly

reduced ability to detect pheromones (Liman and Innan 2003, Zhang and Webb 2003).

Several earlier derived species exhibit accessory olfactory surfaces, but the
morphology is very different from the tetrapod VNO, suggesting that the segregation
into accessory olfactory surfaces has occurred independently several times during
evolution (e.g. lamprey, shark, lungfish) (Gonzalez et al. 2010, Chang et al. 2013,
Meredith et al. 2013). For example, lungfish, one of the very few extant fish species in
the lobe-finned lineage possess crypt-like structures at the base of the main olfactory
lamellae, which express markers of the vomeronasal receptors like tetrapods (Gonzalez
et al. 2010, Nakamuta et al. 2012), and may thus be considered an equivalent structure
to tetrapod VNO. In teleost fish with their single olfactory surface, i.e. in the absence of
segregation, TRPC2 expression can be used as a marker for microvillous OSN (Sato et
al. 2005).

V2Rs, also known as OIfC in fish species, have a multi-exonic structure and
belong to class C of GPCRs. As is common for class C receptors, V2Rs possess a
large N-terminal extracellular region, which is thought to be the binding domain for
pheromones. V2Rs show pronounced species-specific expansion or depletion, and
indeed many mammalian species exhibit a complete loss of the V2R gene family
(Young and Trask 2007). In mouse the V2R repertoire comprises 121 gene members

12



(Nei et al. 2008). Phylogenetic studies have revealed a major V2R group (family A+B)
and a minor group (family C), which e.g. in mice only contains 7 members (Ishii and
Mombaerts 2011). Similarly, these classes can be found in zebrafish and Xenopus V2R
gene family repertoires; however zebrafish and Xenopus possess only 1 member in
family C (Alioto and Ngai 2006, Ji et al. 2009). Family C members are broadly
expressed and in mouse and fish have been shown to serve as co-receptors for the

sparsely expressed family A and B members.

Interestingly, by far the largest V2R repertoire is found in Xenopus (Figure 2),
although so far the function of such a large repertoire is completely unclear. It has been
hypothesized that it may be an evolutionary adaption to their unique living environment
(Ji et al. 2009). OIfC/V2R gene repertoires of fish species vary within the range
observed for mammals: Latimeria which belongs to lobe-finned lineage have 61 V2Rs
(Figure 2) (Picone et al. 2014), zebrafish, a ray-finned fish possess 53 and fugu has 18
olfc genes (Alioto and Ngai 2006). Potential ligands for V2Rs are thought to be water
soluble compounds as many class C GPCRs including two zebrafish OIfC receptors are
found to be activated by amino acids (Conigrave et al. 2000, DeMaria et al. 2013).
Furthermore, other V2R receptor-ligand studies have also shown peptides (exocrine
gland-secreting (ESP) and MHC class |) as ligands (Leinders-Zufall et al. 2004, Kimoto
et al. 2005).

V1Rs, also known as ORA in fish species, belong to class A-related GPCRs,
span about 1000 basepairs and are intronless (Figure 1B). Like other class A GPCRs
the V1Rs possess a small N-terminal extracellular region and similar to OR receptors
they exhibit a less conserved sequence in transmembrane domains. V1R gene family
sizes vary between 5-6 genes in teleost fishes to around 20 in Latimeria and Xenopus,
and reaching above 300 genes in platypus (Grus et al. 2007, Saraiva and Korsching
2007, Nei et al. 2008), see (Figure 2). V1Rs are highly diverse and often large
differences are observed even between closely related species, in contrast to the
ortholog ORA family in teleost species. Without exception ortholog ORA genes are
closer neighbors within the phylogenetic tree compared to their paralogs in the same
species (Saraiva and Korsching 2007). Both V1Rs and ORAs are assumed to function

as pheromone receptors. In mouse, V1rb2, a member of V1R family has shown to be
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activated by 2-heptanone, a compound found in mouse urine and presumably involved
in social signaling (Boschat et al. 2002). Furthermore, ORA1, a member of the zebrafish
V1R-related ORA gene family recognizes 4-hydroxyphenylacetic acid, which may

function as a pheromone for reproductive behavior (Behrens et al. 2014).

FPRs belong to a class A of GPCRs, and are known to be involved in leukocyte
chemotaxis and activation. As known by their name these receptors bind to N-formyl
peptides such as N-Formylmethionine, which is a result of bacterial degradation (Yang
et al. 2002). These receptors are intronless and consist of roughly 1kb of coding region.
Recently, two independent groups have shown that some of these receptors play a role
in olfaction and are expressed in the VNO of mice (Liberles et al. 2009, Riviere et al.
2009). VNO-specific FPRs are thought to be activated by disease-related molecules,
suggesting that these receptors send alarm signals upon detection of infected

conspecifics or contaminated food (Riviere et al. 2009).

OR VIR V2R TAAR T1R T2R

Human 396 | 4 | O | 6 [ 4
| I | I I
Tetrapods
I | I I I
Frog 824 | 21 | 330 | 3 | 0 | 49
I I I I I
I | I | |
e Coelacanth 56 | 15/20' 61 | 4 | 5) | 5/58
Pufeish 47 | 1 | 18 | 18 | 4 | 4
, , I I I I I
RApme Zebrafish 154 | 6 | 53 | 112 | 4 | 4

Figure 2: Number of functional chemosensory receptors published in literature. Data collected from

(Hussain et al., 2009, Niimura 2009, Dong et al., 2012, Saraiva and Korsching, 2007, Date-ito et al.,
2008, Shi and Zhang 2007, Picone et al., 2013, Li and Zhang 2014).
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1.2.1.3 TRACE AMINE-ASSOCIATED RECEPTORS (TAARS)

Trace amine-associated receptors (TAARs) belong to class A of GPCRs, they
have a coding sequence of roughly 1 kb and are intronless. These receptors were first
discovered in 2001 and are thought to be involved in detection of trace amines but not
the classical biogenic amines (Borowsky et al. 2001, Bunzow et al. 2001). However, in
2006 TAAR genes were reported to be involved in olfaction and to be expressed in
mouse MOE (Liberles and Buck 2006). The TAAR gene repertoire shows similar
selective pressure as observed in OR and V1R gene families, in teleost fishes they
range from few genes in fugu to above 110 members in zebrafish, much more than
observed for tetrapods, 3 in Xenopus, and around 15 gene members in mouse
(Hashiguchi and Nishida 2007, Hussain et al. 2009), see also (Figure 2). In mouse,
TAAR receptors recognize volatile amines found in mouse urine, which suggests their
role in detection of social cues (Liberles and Buck 2006). Another study found that
Taar13c, a member of the zebrafish TAAR family recognizes cadaverine, which is
produced in dead or decaying fish and triggers an aversive behavior in zebrafish
(Hussain et al. 2013).

1.2.1.4 MEMBRANE GUANYLYL CYCLASE (GC-D)

Guanylyl cyclases are the only olfactory receptors reported so far that do not
belong to the GPCR superfamily. Recently, an orphan receptor GC-D belonging to the
family of guanylyl cyclase was found to be expressed in ciliated neurons in the mouse
MOE and later shown to be expressed in septal organ (Fulle et al. 1995, Juilfs et al.
1997, Walz et al. 2007). Interestingly, instead of following canonical cAMP odor
transduction pathway these neurons are endowed with the cGMP-specific CNG channel
subunit, CNGA3, and a cGMP-stimulated phosphodiesterase, PDE2A (Meyer et al.
2000, Hu et al. 2007). In search of the chemosensory role of these receptors, one study
showed that the urinary peptides (uroguanylin and guanylin) activate GC-D expressing
OSNs, and in another study GC-D neurons are reported to detect carbon dioxide (Hu et
al. 2007, Leinders-Zufall et al. 2007, Sun et al. 2009).
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1.3 GUSTATORY (TASTE) SYSTEM

Gustatory system (sense of taste) plays a crucial role in identifying food quality.
Toxic food sources have to be avoided, and nutritious food has to be identified. Humans
and many other vertebrates can recognize five basic tastes: sweet, salty, bitter, sour,
and umami. In contrast to fruit flies which have taste receptor cells (TRCs) distributed
over head, wings, body and legs, mammals have a tongue and soft palate that houses
TRCs clustered in taste buds, which are distributed across the tongue. TRCs are
divided into four major subtypes namely TRC I, TRC II, TRC Ill, and TRC IV, where TRC
Il cells express receptors involved in taste sensing (Clapp et al. 2001, Breslin and
Spector 2008). Recent technical advances in genome sequencing and data-mining
techniques made it possible to identify taste receptor repertoires from different species

and draw evolutionary conclusions on their functions.

1.3.1 TASTE RECEPTOR GENE FAMILY REPERTOIRES

1.3.1.1 FREQUENT EXPANSION of the BITTER TASTE RECEPTOR GENE
REPERTOIRE DURING EVOLUTION of TETRAPODS

Perception of bitter taste is of great importance in animals as it enables them to
detect structurally distinct toxic compounds and prevent ingestion of these compounds.
In vertebrates, bitter taste is mediated by the receptors known as taste receptor type 2
(T2Rs), which belong to rhodopsin-like class A GPCRs with small N-terminal domains.
That T2Rs are crucial for bitter taste was shown in a knockout study in mice, by making
a functional knockout of mT2R5, which is candidate cycloheximide receptor, resulting in
complete loss of behavioral and nerve responses at concentration that evoked strong
responses in wild-type animal (Mueller et al. 2005). Interestingly, Xenopus which does
not have a tongue uses its oral cavity to detect bitter substances and amino acids
(Yoshii et al. 1982). Studies have found that T2Rs fall into two categories, very specific
receptors which detect one or a few bitter chemicals, while others respond to a wide
variety of bitter chemicals (Behrens and Meyerhof 2009). The T2R gene family shows
species-specific expansion (Figure 2), with relatively large families in mice and frogs,
whereas teleost fishes only possess a small family of less than 10 receptors (Shi and
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Zhang 2006). For Latimeria chalumnae there are conflicting reports whether the
repertoire is as large as in mammals or small like in teleost fishes (Figure 2) (Li and
Zhang 2014, Picone et al. 2014).

1.3.1.2 UMAMI and SWEET TASTE RECEPTORS

Both the taste of sweet (sugar) and of umami (protein-rich) are thought to be
detected by a small group of taste receptor type 1 (T1Rs) which belongs to class C
GPCRs. These receptors form heterodimers in which T1R3 is combined with either
T1R1 (T1R1/T1R3, umami-responsive) or with T1R2 (T1R2/T1R3, sweet-responsive)
receptors (Nelson et al. 2001, Nelson et al. 2002, Zhao et al. 2003). In zebrafish,
combination of T1R2/T1R3 responds to L-amino acids rather than sweet taste,
suggesting a change of function during the transition of vertebrates from water to land
(Yasuoka and Abe 2009). Phylogenetic studies have shown T1R orthologs are present
in vertebrates but not in any invertebrate species. Furthermore, the small family size of
T1Rs stays constant across vertebrate and there is no species-specific expansion
(Figure 2) (Shi and Zhang 2006). Interestingly, Xenopus which has a large repertoire of
T2R receptors lacks T1Rs completely (Shi and Zhang 2006).

1.3.1.3 SALT and SOUR TASTE RECEPTORS

In contrast to other taste receptors that are triggered by large molecules such as
sucrose, salt and sour taste detect very simple ions: hydrogen ions (H+) for acidity and
sodium ions (Na+) for salt. There have been numerous studies that have reported
several receptors responsible for sour taste or describing its pathway including acid-
sensing ion channel (ASICs), hyperpolarization-activated cyclic-nucleotide-gated
channels (HCNs), K+ channels, and transient receptor potential (TRP) channels
PKD2L1 and PKD1L3 (Yarmolinsky et al. 2009). However, knockout studies are needed

to determine the role of these candidate receptors.

The taste of salt generates diverse behavior depending on its concentration, low
doses of salt are attractive to rodents and high dosage generates repulsive behavior.
Amiloride-sensitive epithelial Na+ channel is thought to be responsible for Na+ uptake.
Furthermore, it was later confirmed by knocking out epithelial sodium channel (ENaC)

17



subunit in taste buds as it is strongly inhibited by amiloride, which resulted in the loss of
salt taste detection (Chandrashekar et al. 2010).

1.4 EXPERIMENTAL MODEL

A model organism is a species that is extensively studied to understand
biological and evolutionary phenomena; findings made in such species can be further
extrapolated to include other species in the hope of understanding developmental and
biological pathways that are conserved throughout evolution. During my doctoral thesis |
have worked with Xenopus laevis and Latimeria chalumnae, which hold key position in

species evolutionary tree.

1.4.1 AFRICAN CLAWED FROG

The amphibian, African clawed frog (Xenopus laevis) lives in warm and stagnant
water and has a tetraploid genome which means it has four copies of each gene. lIts
genome is not available, but that of the closely related Xenopus tropicalis has been
made public, and can be used for bioinformatic searches. Xenopus belong to the family
of Pipidae and to the order of Anura. Xenopus laevis does not possess teeth or tongue
therefore it relies heavily on its sensitive fingers and on its sense of smell to search for
food (J 1994). Xenopus are inexpensive, easy to maintain and are highly accessible.
Xenopus excels as a model system because it is well positioned between distant
metazoans such as Drosophila and C.elegans and the less accessible mammalian
models. This makes Xenopus a powerful model system to investigate normal vertebrate
development and its deregulation in disease. Study of Xenopus provides detailed insight
into cellular and molecular mechanisms due to its high degree of conservation in
vertebrate species, both within genes and in non-coding elements such as long non-
coding RNA and regulatory elements. Moreover oocytes of Xenopus are commonly
used for gene expression and channel activity for different human diseases.
Furthermore, Xenopus laevis unique life style, from being larva (fully aquatic) to adult
(semi aquatic) makes it an ideal model to study the evolutionary transition of olfactory

systems from water to land.
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Tetrapods

Lobe-finned fish

Catrtilaginous fish

Figure 3: Evolutionary tree of selected jawed vertebrate species: Experimental model organisms are

highlighted in rectangle (red).

1.4.2 COELACANTH

Coelacanth and lungfish are the only extant orders of lobe-finned fish, with whom
all tetrapods share a common origin. Coelacanth (Latimeria chalumnae) is a critically
endangered species belonging to the order of Coelacanthiformes and the family of
Latimeriidae. Initially this group of fish was thought to be extinct, until in 1939 Marjorie
Countenay-Latimer discovered the species, which later was named after her. Latimeria
chalumnae holds an important branch point in evolution and is the only living member of
the coelacanth order, which was believed to be extinct since the time of dinosaurs (70
million years ago). Latimeria lives in deep sea water around 150- 200 meters deep and

grows to about 2 meter in length. Latimeria diet consists mainly of squids, eels, small
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sharks and other animals that are found in the deep sea. Evolutionary biologists have
great interest due to its closer phylogenetic relationship to tetrapods than to ray-finned
fishes. Recently, the genome of Latimeria has been published and is publically available
(Amemiya et al. 2013), which has attracted scientists from different fields to data-mine

different receptor families and draw evolutionary conclusions.
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1.5 AIMS of this DISSERTATION

Olfaction and taste senses are essential for the detection of chemical signals,
which allow organisms to detect food, predators, find suitable mates and analyse food
quality. The importance of the chemical senses can be gleaned from the large selective
pressure required to maintain large gene repertoires throughout evolution. Hence
identification and characterization of these chemosensory receptor gene families in
different species can help to understand the underlying evolutionary forces shaping

these receptor repertoires.

In this study | have focused on two evolutionary relevant animal models,
Latimeria chalumnae and Xenopus laevis. In Xenopus laevis, first, | have performed a
phylogenetic analysis of the V2R gene family and established the expression pattern of
representative genes in the olfactory organs of larval Xenopus. Second, | have
characterized and examined the localization of TRPC2 in Xenopus, which is a known
marker for vomeronasal neurons in mammals. Third, | have examined the two-
dimensional expression patterns of olfactory receptor gene families in the MOE of

Xenopus and mapped the odor responses to these receptor families.

In Latimeria chalumnae, which are considered the oldest living representatives of
the lobe-finned lineage leading to tetrapods, | report here the identification and
characterization of two chemosensory receptor gene families, bitter taste receptors

(T2Rs), and vomeronasal type-1 receptors (V1Rs).
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2 PUBLICATIONS of the DISSERTATION

"Theories come and theories go. The frog remains."

~Jean Rostand

2.1 XENOPUS laevis (AFRICAN CLAWED FROG)

2.1.1 EXPRESSION of V2R GENE FAMILY

This section deals with the original research article published in the journal Proceedings
of the National Academy of Sciences (Vol. 110, No. 19, Pages 7714-7719, published
online on March 2013). Supplementary data associated with this article can be found in
the CD attached.

22
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Mammalian olfactory receptor families are segregated into different
olfactory organs, with type 2 vomeronasal receptor (v2r) genes
expressed in a basal layer of the vomeronasal epithelium. In con-
trast, teleost fish v2r genes are intermingled with all other olfactory
receptor genes in a single sensory surface. We report here that,
strikingly different from both lineages, the v2r gene family of the
amphibian Xenopus laevis is expressed in the main olfactory as well
as the vomeronasal epithelium. Interestingly, late diverging v2r
genes are expressed exclusively in the vomeronasal epithelium,
whereas “ancestral” v2r genes, including the single member of v2r
family C, are restricted to the main olfactory epithelium. Moreover,
within the main olfactory epithelium, v2r genes are expressed in
abasal zone, partially overlapping, but clearly distinct from an apical
zone of olfactory marker protein and odorant receptor-expressing
cells. These zones are also apparent in the spatial distribution of odor
responses, enabling a tentative assignment of odor responses to
olfactory receptor gene families. Responses to alcohols, aldehydes,
and ketones show an apical localization, consistent with being me-
diated by odorant receptors, whereas amino acid responses overlap
extensively with the basal v2r-expressing zone. The unique bimodal
v2r expression pattern in main and accessory olfactory system of
amphibians presents an excellent opportunity to study the transi-
tion of v2r gene expression during evolution of higher vertebrates.

amino acid odorants | calcium imaging | TAAR | statistical test |
spatial pattern

hallmark of mammalian olfaction is the segregation of the

sensory epithelium in several different olfactory organs, each
with its own characteristic set of olfactory receptor gene expres-
sion, axonal connectivity, and function. However, in teleost fish, all
olfactory receptor (OR) families share a common sensory surface.
To what extent such differences influence the coding and dis-
crimination abilities of the respective olfactory systems is unclear,
and the evolutionary path toward such segregation is unknown.
The analysis of amphibians, which are early diverging tetrapods
compared with mammals, may shed light on this transition from
shared sensory surface to segregated subsystems. Most amphibians
already possess an accessory olfactory epithelium (1), the vomer-
onasal organ (VNO), which has been reported to express type 2
vomeronasal receptors (V2Rs), like the mammalian VNO (2), but
in contrast to the latter is missing the type 1 vomeronasal receptors
(V1Rs) that are instead expressed in the main olfactory epithelium
(MOE) (3). These features suggest an intermediate expression
pattern for olfactory receptor gene families in amphibians.

The MOE of both fish and mammalian species exhibits further
subdivisions into distinct expression zones and domains (4, 5), and
an initial analysis of the amphibian MOE has shown medial-to-
lateral gradients of odor responses and corresponding gradients for
expression of olfactory receptor genes (6). In that study, however,
no candidate genes except one could be uncovered for responses to
amino acids, one of the main odor groups for aquatic vertebrates.
Because a fish v2r ortholog has been shown to respond to amino
acids (7), we hypothesized that amphibian v2r genes could be can-
didates for amino acid detection. At first glance this may appear

7714-7719 | PNAS | May 7,2013 | vol. 110 | no.19 23

unlikely because all previously analyzed v2r genes are almost
exclusively expressed in the VNO, with the exception of occasional
rare cells in the larval and adult MOE (2). However, the amphibian
v2r family is exceedingly large, with several hundred members in
Xenopus tropicalis (8), and analysis of expression patterns has so far
not been guided by phylogenetic considerations.

We have cloned several v2r genes not previously analyzed and
representative of the three major phylogenetic subdivisions of
the v2r family A as well as the single member of family C. We
report here that family C is expressed exclusively in the MOE,
together with earlier diverging members of family A, whereas
later diverging family A genes are restricted to the VNO. Such
a bimodal expression pattern in MOE and VNO has not been
described in any species so far, and represents a noteworthy evo-
lutionary intermediate between expression restricted to either the
MOE or the VNO. Within the MOE, Xenopus v2r genes are
expressed in at least two distinct basal expression zones, which
overlap extensively with amino acid responses, but are clearly
distinguishable from an apical expression domain containing re-
ceptors, transduction pathways, and odor responses associated
with ciliated olfactory receptor neurons (ORNS) (6).

Results

RT-PCR Analysis Shows Segregation of the Amphibian V2R Family into
MOE-Specific and VNO-Specific Genes. Though ~20 Xenopus laevis
v2r genes have been cloned previously (2), their position in the
phylogenetic tree has not been reported, and a systematic anal-
ysis of the X. laevis v2r family has not been possible due to the
absence of a genome project. However, over 330 v2r genes have
been identified in the genome of the closely related species
X. tropicalis, the largest known v2r family (8). In the phylogenetic
analysis using the same data set as Ji et al. (8), the presence of
three major subgroups is apparent (Fig. 1), all of which belong to
family A. We have selected five representative v2r genes (Fig. 1)
from two of these groups, as well as X1-v2r-C, the sole member of
family C in Xenopus, and cloned their X. laevis counterparts by
RT-PCR using primers derived from the X. tropicalis sequence.
A gene representative of the third subgroup, xv2r E-1, had al-
ready been obtained previously (6). In all cases, we obtained
X laevis sequences that in BLAST searches (http://blast.ncbi.nlm.
nih.gov/) showed the initially considered X. tropicalis gene as the
closest ortholog. Though we have no way to measure how many
X. laevis v2rs might cross-react with probes derived from our

Author contributions: A.S.S., .M., and S.I.K. designed research; A.S.S., AS., and S.L.K.
performed research; W.N. contributed analytic tools; A.S.S., A.S., W.N., .M., and S.l.K.
analyzed data; and A.S.S., I.M., and S.I.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The sequences reported in this paper have been deposited in the Euro-
pean Nucleotide Archive, www.ebi.ac.uk/ena/data/view/HF937211-HF937216 (accession
nos. HF937211-HF937216).

To whom correspondence should be addressed. E-mail: sigrun.korsching@uni-koeln.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1302088110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1302088110



subfamijy, A7

Gene Closest Xt Genes
Name ortholog 280%
var-C 159911 1
v2r-Ala 394815 24
v2r-A1b 405358 22
v2r-A2a 366552 43
v2r-A2b 366410 0*
var-A2c 322308 6
v2r-A3 E-1 189065 95

" %}
subfamiy a

Fig. 1. A phylogenetic tree of the X. tropicalis V2R repertoire was generated
by a modified maximum-likelihood method (aLRT-ML). Colored branches re-
fer to the nearest X. tropicalis orthologs of cloned X. laevis genes analyzed
here. Note that amphibian v2r-C is a single gene, orthologous to the mam-
malian V2R-C family (8). (Inset) X. laevis genes analyzed here, as well as their
closest orthologs in X. tropicalis and an estimate for the number of cross-
reacting v2r genes (>80% amino acid sequence identity to the X. laevis
clones). *No close ortholog of v2r-A2b in X. tropicalis. Accession numbers
have been deposited with the European Nucleotide Archive.

clones, we estimate from the sequence comparison with the
X. tropicalis v2r repertoire that between 1 and 95 genes show
>80% identity to our probes (Fig. 1). In total we expect our
probes to sample the expression of at least half of the X. laevis v2r
gene repertoire.

We performed RT-PCR of larval X. laevis tissues to analyze the
tissue specificity of expression for the six representative v2r genes
described above. As control for dissection accuracy of the closely
neighboring VNO and MOE tissues, we examined the distribu-
tion of olfactory marker protein 2 (omp2), which in larval X. laevis
is expressed exclusively in the MOE (9). An omp2 band was ab-
sent from the VNO and only observed in the MOE (Fig. 24),
confirming the accuracy of the dissection. Three of the six genes
were expressed in the VNO, with clear RT-PCR signals re-
producibly found in the VNO, and signals absent from the MOE
and other organs, such as brain and heart (Fig. 24). Occasionally,
weak or very weak bands were observed in other organs. This
expression pattern is consistent with expectations from previous
analysis for other v2r genes (2, 6).

For three other v2r genes, however, we found a highly un-
expected result. We observed strong bands for the MOE, but none
or occasionally very faint bands for the other tissues (Fig. 24).
Thus, v2r genes v2r-C, v2r-Ala, and v2r-A1b (and those genes cross-
reacting with the corresponding probes) show a highly specific
expression in the MOE, and are absent from the VNO and other
organs. To the best of our knowledge, it is without precedent that
major groups of a large olfactory receptor family are expressed in
two different olfactory organs such as the VNO and the MOE. We
therefore decided to analyze this highly unusual expression pattern
at the cellular level by performing in situ hybridization.

Receptor Neurons in the MOE Express Early Diverging v2r Genes, but
Vomeronasal Neurons Express Late Diverging v2r Genes. Expression
of all v2r genes was examined by in situ hybridization of larval
X. laevis tissue sections encompassing both VNO and MOE. Three
of the genes, v2r-A2a, v2r-A2b, and v2r-A2c, are expressed ex-
clusively in the VNO (Fig. 2), confirming results obtained by RT-
PCR. These probes label sparse populations of cells, consistent
with limited cross-reactivity to only a handful of other genes for
each probe (Fig. 1). Of several hundred cells examined, a single
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labeled cell was detected in the MOE (Fig. 2), making the
restriction of these genes to the VNO as stringent as that of the
previously analyzed xv2r E-1 (2, 6), which we include here for
comparison (Fig. 2).

However, the three other v2r genes, v2r-C, v2r-Ala, and v2r-
AIb, exhibit a strikingly different pattern of expression. We could
not detect a single cell in the VNO for any of the three genes
(Fig. 2). In contrast, all three genes show a strong expression in
the MOE (Figs. 2 and 3), confirming our results obtained by RT-
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Fig. 2. Bimodal expression for the V2R family in MOE and VNO. (A) RT-PCR
(40 cycles) was performed under stringent conditions; specificity does not
change at higher cycle numbers. Lanes from left to right: VNO, MOE, olfac-
tory bulb, brain, heart, and genomic DNA (in Bottom panel only). A p-actin
intron-spanning probe was used as control for absence of genomic DNA
contamination (Bottom). Arrows, 400-bp bands of molecular weight marker.
(B) Cryosections of larval X. laevis were hybridized with antisense probes for
seven v2r genes and omp2 as depicted. Note the bimodal expression of v2r
genes in either MOE (Left) or VNO (Right). Micrographs shown are from
ventral horizontal sections of larval head tissue, which contain both VNO and
MOE. VNO is above and/or to the right of the MOE, see also the colored
overlay in C. Most probes cross-react with several to many other genes (Fig. 1),
resulting in higher abundance of labeled cells. Scale bar for v2r-C valid for all
panels except v2r-A3 E1. (C) Percentage of v2r-expressing cells in MOE (red
bars) and VNO (green bars). Axis is shown on top; note the logarithmic scale.
Over 100 to 350 cells (corresponding to 1-10 tissue sections) were analyzed
per gene. For MOE-specific v2r genes, not a single cell was observed in the
VNO, whereas very rare exceptions (2 of 677 cells) were seen for VNO-
specific v2r genes.
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Fig. 3. A basal zone of the MOE is dedicated to v2r gene expression. In situ
hybridization was performed for the three MOE-specific v2r genes and omp2
using dorsal horizontal sections of larval head tissue. Enlargements from
regions delineated by blue or cyan rectangles are shown to the right of each
complete section. A ring of dark brown melanophores delineates the basal
border of the epithelium; apical is toward the lumen. All v2r genes are
enriched basally, whereas omp2-expressing cells are preferentially localized
in an apical region. Forskolin- and amino acid-responsive cells were iden-
tified by calcium imaging (green and red ovals, respectively). Forskolin-
responsive cells are apically enriched, very similar to omp2-expressing cells,
whereas amino acid-responsive cells show a preferentially basal location.

PCR (Fig. 24). Cell numbers for v2r-Ala and v2r-A1b are well
above those expected for a single gene, but roughly consistent
with our estimate of over 20 cross-reacting v2r genes for each (Fig.
1). The v2r-C probe is not expected to cross-react with other genes,
but nevertheless labels an even larger population of cells (Fig. 2),
similar to the broad expression of genes in the orthologous mam-
malian family (10). Thus, the MOE-specific v2r genes constitute
a sizable group of the V2R repertoire and are expressed in a major
neuronal population of the MOE.

For all seven v2r genes analyzed, a strong correlation is found
between ancestrality in the phylogenetic tree and ancestrality in the
mode of expression. All v2r genes with MOE-restricted expression
reside in the earlier diverging subgroup Al of family A or in family
C (v2r-C), which is even less derived than the V2R-Al subgroup
(Fig. 1). In contrast, all v2r genes belonging to the later diverging
subgroups A2 or A3 of family A (Figs. 1 and 2) are expressed ex-
clusively in the VNO. In other words, more ancestral (earlier di-
verging) v2r genes of X. laevis are expressed in the more ancestral
mode (in the MOE), like all the v2r genes of earlier diverging ver-
tebrates, such as teleost fish. Complementarily, the more modern
expression mode for v2r genes (expression in the VNO), is found
for the more modern (later diverging) v2r genes among the am-
phibian v2r gene repertoire. This surprising correlation of phylo-
genetic position with expression mode is consistent with the notion
that the transition from ancestral to derived mode of expression is
a characteristic feature of later diverging X. laevis v2r genes.
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MOE-Specific v2r Genes Are Expressed in a Basal Crescent. When
examining results of in situ hybridization we noticed that the dis-
tribution of v2r-expressing cells within the MOE did not appear to
be homogeneous. Both the apical and the basal region of the MOE
are mostly devoid of labeled cells, and this feature of the distri-
bution is constant over a wide range of dorsal/ventral locations, as
seen by the comparison of more ventral (Fig. 2) with more dorsal
sections (Fig. 3), although the latter contain up to 10-fold more
cells. It is known that the basal layer contains progenitor cells and
immature neurons (11), which could explain the dearth of v2r-
expressing cells in this region. However, no such argument can be
made for the near absence in apical regions, because nonneuronal
supporting cells constitute just the outermost monolayer of cells
(11, 12). Indeed, omp2 expression is prominent in the apical region,
and cells expressing trace amine-associated receptor 4a are also
found in apical positions (Figs. 2 and 4). Albeit very distinct, V2R
and OMP distributions are partially overlapping. Therefore, we
performed quantitative analysis to examine the significance of the
observed differences in the distributions.
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Fig. 4. Basal-to-apical distributions were quantified for olfactory receptor
genes and odor responses. (A) Receptor gene (Upper) and odor response
(Lower) distributions are shown as histogram of relative height (0, most
basal; 1, most apical position; bin size 0.1, bin center is shown). (Upper) v2r-
Ala (red) and v2r-A1b (yellow) are centered basally; v2r-C (blue) encom-
passes both v2r-A1 receptors. Omp2 (green), xr116 (magenta, an or gene),
and taar4a (cyan) are centered apically. Right y axis, xr116, and taar4a; left
y axis, all others. (Lower) Forskolin (green), alcohol, aldehydes, and ketone
responses (magenta) are centered apically, whereas amino acid responses
(cyan) show a bimodal distribution (lateral, red; nonlateral, blue; Fig. S1).
Right y axis, forskolin responses; left y axis, all others. (B) Characteristic
parameters for the distributions shown in A. (C) Pairwise comparisons of
different genes and/or odor responses were performed using the Kolmo-
gorov-Smirnov test of the unbinned distributions. Distributions were con-
sidered significantly different for P < 0.01. (D) Venn diagram of differences
between distributions. Entries within one circle share the same distribution;
circles not overlapping correspond to different distributions. Note that
the colors in B, C, and D correspond to those in A for receptors and odor
responses, respectively.
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Basal Expression Zone of MOE-Specific v2r Genes Is Significantly
Different from an Apical Expression Zone for OMP2, OR, and Trace
Amine-Associated Receptors. We used relative height (Fig. S1) as
measure for the basal-to-apical dimension and evaluated 100-400
cells per gene. All three v2r genes showed a basal peak of expres-
sion, and their distributions appeared roughly similar to each
other, as judged by peak position, median value, and skewness (Fig.
4 A and B). In contrast, the distribution of omp2-expressing cells
was centered apically, had a much higher median value, and op-
posite sign skewness (Fig. 4 A and B). These features were shared by
the distributions of two olfactory receptor genes, xr/16 (OR class 1)
and faar4a, albeit their cell density was only 1-2% of that of omp2.

In pairwise comparisons using the Kolmogorov—Smirnov test
(13) we found that the apical-centered distribution of class I OR
XR116 is highly similar to that of OMP2, whereas the apical-
centered faar4a distribution is significantly different (Fig. 4C), sug-
gesting further subdivisions within an apical expression zone defined
by omp2 expression.

Distributions of the basal-centered three MOE-specific v2r
genes (v2r-C, v2r-Ala, and v2r-A1b) were significantly different
from the apical-centered omp2 (Fig. 4C; Table S1) and thus de-
fine a basal expression zone. Distributions for the two members of
subgroup Al are very similar to each other (Fig. 4C), but both are
different from the V2R-C distribution (Fig. 4C; P < 0.01), which
is slightly more broad, and whose median and peak values lie
somewhat more apical (Fig. 4B). Thus, the expression zone de-
fined by v2r-C may enclose v2r-41a and v2r-A1b expression at its
basal side, and other yet-to-be-identified v2r genes at its apical
side. Together, the three MOE-specific v2r genes constitute a
basal expression zone in the MOE, distinct from the apical ex-
pression zone of omp2-expressing neurons (Fig. 4 A-D).

A medial-to-lateral gradient perpendicular to the apical-to-basal
gradient described here (Fig. 5) was identified in a previous study (6)
for several genes and odor responses. Preferred positions in both
dimensions do not appear to be correlated (apical and lateral
preference for TAAR4a vs. apical and medial for XR116). To an-
alyze a possible interdependence between preferred positions on
both axes more rigorously, we compared for all genes height dis-
tributions for medial, intermediate, and lateral segments. We report
that height distributions in all three segments are indistinguishable
for each of the three v2r genes, as well as for omp2,xr116, and taar4a
(Fig. S1; Table S2). Furthermore, all three v2r genes and omp2 do
not show enrichment or depletion along the medial-to-lateral axis
(Table S3; Fig. 5), unlikexr! 16 and taar4a (6). Taken together, these
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Fig. 5. Bimodal and zonal topology of v2r gene expression and odor
responses. (Left) Complementary expression of two groups of v2r genes in
MOE (v2r-C and two v2r-A1 genes) and VNO (v2r-A2 and v2r-A3 genes).
Within the MOE, gradients of expression frequency are observed. A basal
zone (red) contains the v2r genes, whereas an apical zone (green) contains
OMP2 as well as an odorant receptor; forskolin; and alcohol, aldehyde, and
ketone responses (not depicted). (Right) A 2D schematic representation of
the center region of each odor response and gene expression analyzed.
Amino acid responses are heterogeneous, basal in the lateral segment, but
apical in the intermediate and medial regions. In all, multiple subdivisions
are observed, resulting in a highly complex pattern.
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data are consistent with the hypothesis that preferred positions in
each dimension are specified independently.

Amino Acid Responses Show a Bimodal (Apical and Basal) Distribution,
Whereas Forskolin Responses Are Restricted to an Apical Zone. This
independence of preferred positions in the two dimensions allows
us to test the tentative assignment of receptor gene families to
odor responses, which we derived from the correlations between
receptor expression and odor responses in the medial-to-lateral
dimension (6). We had concluded that ciliated receptor neurons
may express class II or and some class I or genes and respond to
alcohols, aldehydes, and ketones, and had found a single gene,
taar4a, with an expression pattern correlating to amino acid
responses. These two odor responses segregate nearly completely
(6), thus defining the medial and lateral stream of odor processing,
and were chosen here together with forskolin, an activator of ade-
nylate cyclase (6), for analysis of basal-to-apical distribution.

Responses were measured as calcium signals using a previously
established imaging method (14). Forskolin-responding cells were
situated preferentially apically (Fig. 3), very similar to responses to
alcohols, aldehydes, and ketones. Indeed, these two distributions did
not differ significantly in the basal-to-apical dimension (Fig. 4C),
suggesting that responses to these odors may be carried mostly by
forskolin-responsive ORNS, i.e., ciliated neurons (15). Interestingly,
responses to the mixture of alcohols, aldehydes, and ketones are
more restricted than those to forskolin in the other, the medial-to-
lateral, dimension (Fig. S1; Table S3), suggesting that the former
may represent a spatially restricted subpopulation of the latter.

Unexpectedly, amino acid stimuli evoked responses in basal as
well as apical cells, resulting in a broad and bimodal distribution
(Fig. 4 A and B; Tables S1 and S2), significantly different from all
other genes and odor responses (Fig. 4C; Tables S1 and S2). This
finding might be explainable by a heterogeneous population of
amino acid-responsive cells, because the sum over two different
distributions would result in two peaks and increased half-width.
To test this assumption, we examined the apical-to-basal distri-
bution of amino acid responses separately for the three subregions
(medial, intermediate, and lateral) defined previously (6). Lateral
cells show a basal distribution, whereas nonlateral (intermediate
and medial) cells exhibit a preferentially apical localization (Figs. 4
A and B and 5; Fig. S1), significantly different from the distribution
of basal cells, but very similar to forskolin responses (Fig. 4C).
Moreover, median values are distinctly different for the lateral and
the nonlateral population, and in particular half-width for both is
much smaller than for the total population (Fig. 4B). These data
provide evidence for two distinct amino acid response systems of
similar abundance (Fig. 44; Table S3) (6), one centered basolat-
erally, the other one apical and nonlateral. In comparison, the
apical-to-basal distributions of forskolin responses in medial, in-
termediate, and lateral segments are very similar in all quantitative
parameters (Fig. S1; Table S2), consistent with cells in all three
segments belonging to the same population.

Two v2r-A Genes Define Subregions in the V2R Expression Zone
Similar to Those of Lateral Amino Acid-Responsive Cells. Amino
acids constitute one of the main classes of odor stimuli for aquatic
vertebrates (16). TAAR4a emerged as a candidate receptor in
a previous study (6) due to the remarkable similarity of its medial-
to-lateral distribution to that of amino acid-responsive cells. How-
ever, in the apical-to-basal dimension the correlation of TAAR4a
expression with amino acid responses breaks down, because TAAR4a
is found in the apical expression zone throughout medial, in-
termediate, and lateral segments, whereas amino acid responses
are localized basally in the lateral zone and apically in the non-
lateral segments (see above). These results directly exclude an
involvement of TAAR4a in the basolateral amino acid response,
and also make an involvement in the apical and nonlateral amino
acid response unlikely, because the TAAR4a expression zone is
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not restricted in the medial-to-lateral dimension in contrast to the
laterally depleted apical amino acid response. Because the spatial
distribution of a receptor is not expected to be broader than that of
an odor response based on that receptor, we conclude that
TAAR4a does not seem to be involved in either the basal or the
apical amino acid response.

For comparison, the distribution of forskolin responses is similar
to that ofxr116, a class I or gene, in the medial-to-lateral dimension
(6) as well as the apical-to-basal dimension (Fig. 4). Here the
analysis of height supports the hypothesis formed by analysis of the
medial-to-lateral distributions.

We show in this study the expression of a major population of
v2r genes in the MOE. The large size of this receptor repertoire
and the response of a fish V2R homolog to amino acids (7) as
well as the expression of v2r genes in fish microvillous receptor
neurons, which do respond to amino acids (17), led us to hy-
pothesize that amphibian V2Rs could be candidates for amino
acid detection. Indeed the apical-to-basal distribution of amino
acid responses in the lateral region (Fig. 4) is very similar to that
of v2r-Ala and v2r-A1b gene expression (Fig. 4; Table S2).
However, v2r-Ala and v2r-A1b show no lateral enrichment (Fig.
S1 and Table S3) and are therefore unlikely to be involved in the
basolateral amino acid response. Other members of the V2R-A1
subfamily would appear to be the best candidates for mediating
Xenopus amino acid responses.

Discussion

The most striking property of Xenopus v2r gene expression is the
segregation of the family in MOE-expressing and VNO-expressing
members, with the segregation apparently occurring according to
phylogenetic distance. Earlier-diverging (more ancestral) genes
are expressed exclusively in the MOE and later-diverging (more
modern) genes are restricted to the VNO. This segregated ex-
pression pattern might be rather ancestral in the lineage of tetra-
pods, because lungfish express the V2R-correlated G protein Go
both in their MOE and their vomeronasal primordia (18). How-
ever, a salamander, a later-diverging amphibian species compared
with Xenopus, shows already the mammalian-like VNO-specific
V2R and associated marker gene expression (19). Thus, VNO-
restricted expression may have arisen more than once in later-
diverging tetrapods, possibly each time during the transition to
a terrestrial lifestyle and reflecting the concomitant restricted
access of nonvolatile odors to the VNO in these species.

The three v2r genes analyzed here, v2r-C, v2r-Ala, and v2r-
AIb, represent a major population of v2r-expressing olfactory
neurons and a sizable part of the total Xenopus v2r repertoire,
due to cross-reactivity. Moreover, MOE-specific expression was
found in a large percentage (50%) of the v2r genes analyzed
here. This pattern of expression is very different from the ectopic
or broad expression of sporadic mammalian or and vIr genes (20,
21) and diametrically opposite to the very rare cells occasionally
seen for more modern v2r genes of subgroup A2 and A3 both in
larval MOE [this study and results by Hagino-Yamagish et al.
(2)] and adult middle cavity (2), a subdivision of the MOE arising
during metamorphosis (22). In fact, the restriction of the more
ancestral v2r genes to the MOE is even stricter than that of the
more modern v2r genes to the VNO, because we did not find
a single exception in over 400 counted cells.

Furthermore, we show in the present study that within the MOE
of X. laevis, v2r genes are expressed in a basal zone. In a quantita-
tive analysis of the v2r distribution, it becomes obvious that there
are no sharp borders of this basal zone. Instead, toward the apical
region, a gradual decrease in frequency of expression is observed.
This distinct, albeit broad distribution, is very reminiscent of sim-
ilar distributions observed in the olfactory epithelium of teleost fish
(4) and for some mammalian OR receptor genes (5).

The basal expression zone is defined by expression of v2r-C and
is subdivided by the expression of v2r-41 genes. Such subdivisions
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have been reported for the expression of v2r genes in the mam-
malian VNO (23). Itis remarkable that this vertical arrangement of
zones and subzones may have survived the migration of v2r ex-
pression from the MOE to the VNO during the evolution of tet-
rapods. The mammalian v2r-C-orthologous family is coexpressed
with other v2r genes (10, 24), and the v2r-C localization described
here is consistent with an analogous role of the Xenopus V2R-C.

Within the apical zone, the omp2 distribution is indistinguish-
able from the forskolin distribution, and an individual or gene
(xr116) exhibits a scaled-down version of the same distribution. In
contrast, the taar4a distribution, albeit apical as well, is significantly
different and much narrower; it is unclear whether this is related to
the diminutive size of the taar gene family in Xenopus (25). Thus,
the apical domain, as well as the basal domain, appears to have
further subdivisions, resulting in a complex picture of spatial reg-
ulation of olfactory receptor gene expression.

Interestingly, the apical-to-basal distribution of lateral amino
acid-responsive cells fits closely to the v2r-4 Ia distribution, whereas
the apical-to-basal distribution of intermediate and medial regions
resembles the omp2 distribution. Thus, amino acid-responsive cells
appear to form a heterogeneous population. Amino acid-responsive
ORN:Ss are laterally enriched, as are markers for microvillous re-
ceptor neurons (6), and so the simplest explanation for the observed
distributions would be that the observed amino acid responses are
the sum of a lateral population of microvillous, V2R-expressing
ORNSs combined with a nonlateral population of ciliated, omp2-
expressing ORNS; this would parallel previous observations of cili-
ated ORNs responding to amino acids in some fish species (26).

Combining all spatial expression patterns obtained in this and
a preceding analysis (6) leads us to hypothesize two dimensions of
gene segregation: a medial-to-lateral dimension (6) and an apical-
to-basal dimension transversing the epithelial layer (this study).
The coordinates in these two dimensions appear to be specified
independently, because many different combinations of preferred
positions are observed (Fig. 5). In both dimensions, distributions
are broadly overlapping, but nevertheless distinctly identifiable by
parameters such as half-width, median, and skewness, as well as
by statistical tests (13, 27).

In sum, we identified a unique expression pattern for the am-
phibian v2r family in both MOE and VNO and found a particular
domain of the MOE dedicated to v2r expression. Further study is
required to elucidate the molecular mechanisms underlying the
ontogenesis of such restricted expression patterns, which could
involve either directed migration or regiospecific determination
of neuronal cell fate within the MOE. Foremost, it will be exciting
to reveal the differences between VNO-residing V2Rs and those
expressed in the MOE, in terms of function and of expression
regulation. The Xenopus olfactory system appears uniquely suited
to analyze such questions.

Materials and Methods

Phylogenetic Analysis. The complete set of X. tropicalis v2r sequences (8) was
aligned using MAFFT, version 6, and E-INS-i strategy with default parameters
(http://align.bmr.kyushu-u.ac.jp/mafft/online/server/). Phylogenetic trees were
constructed using a modified maximum-likelihood method, aLRT-PhyML (28),
as implemented on the Phylemon2 Web server (http:/jphylemon.bioinfo.cipf.
es/index.html). For the visualization of the phylogenetic tree, Phylodendron
was used (http:/iubio.bio.indiana.edu/treeapp/treeprint-form.html).

Animal Handling. All procedures for animal handling were carried out
according to the guidelines of the Gottingen University Committee for Ethics
in Animal Experimentation. Larval X. laevis, stages 50-54, staged after ref.
29, were cooled to produce complete immobility and killed by transection of
the brain at its transition to the spinal cord.

Cloning. Nonambiguous primers were designed based on published sequence
information or homologous sequences in X. tropicalis (Table S4). Conserved
regions among mouse, fish, and frog v2r-C sequences were used to guide the
choice of primers for v2r-C. For genes from the v2r-A1 and v2r-A2 subfamilies,
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regions conserved within their respective subfamilies were chosen. Annealing
temperatures between 55 °C and 58 °C were used with genomic DNA as
template. Resulting fragment lengths varied from 200 to 500 bp. All fragments
were cloned into pGEM-T (Promega) and later confirmed by sequencing.

RT-PCR. Total RNA was extracted from X. laevis tissues using the innuPREP DNA/
RNA Mini Kit (Analytik Jena) and Omniscript Reverse Transcriptase (Qiagen) for
first-strand cDNA synthesis. PCR primer and PCR conditions were as stated above.

In Situ Hybridization. Digoxigenin-labeled (DIG; Roche Molecular Biochemicals)
RNA probes for in situ hybridization were prepared from the cloned DNA by
using the same forward primers and reverse primers with a T3 promoter site
attached to their 5’ end. For in situ hybridization, tissue blocks containing
MOE and VNO were cut horizontally, fixed in 4% formaldehyde solution for
2 h at room temperature, equilibrated in 30% saccharose, and embedded in
Jung tissue-freezing medium (Leica). Cryostat sections of 10-12 pm (Leica
CM1900) were dried at 55 °C and postfixed in 4% (wt/vol) paraformaldehyde
for 10-15 min at room temperature. Hybridizations were performed over-
night at 60 °C using standard protocols [50% (vol/ivol) formamide]. Anti-DIG
primary antibody coupled to alkaline phosphatase and NBT (4-nitro blue tet-
razolium chloride), BCIP (5-bromo-4-chloro-3-indolyl-phosphate) (NBT-BCIP)
(both from Roche Molecular Biochemicals) were used for signal detection.

Calcium Imaging. Odor responses were measured as changes of intracellular
calcium concentrations of individual ORNs in Vibratome slices of the olfactory
organs using Fluo-4/AM as calcium indicator dye, essentially as described (12).
Odorant stimuli [an amino acid mixture and a mixture of alcohols, alde-
hydes, and ketones (6)], and forskolin, an activator of adenylate cyclase and
therefore the cAMP signaling pathway, were applied by gravity feed and
used at 100 pM final concentration per compound (50 pM for forskolin).
Minimum interstimulus interval was 2 min to avoid adaptation, and re-
producibility of ORN responses was verified by repeating the application of
each stimulus at least twice.

Fluorescence images of the whole MOE were acquired at 1 Hz (excitation
at 488 nm; emission above 505 nm) using a laser-scanning confocal micro-
scope (LSM 510/Axiovert 100 M; Zeiss) and analyzed using custom programs
written in MATLAB (MathWorks). Active ORNs were identified as regions of
high cross-correlation between the fluorescence signals of neighboring pixels
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(30). The diameter of such regions was typically 6-10 um, consistent with
these signals emanating from the somata of individual ORNs (14). Optical
section thickness was chosen to ensure that observed signals originated from
single cells. Ten images before the onset of stimulus application were taken
as control (Fo). A response was considered significant if the first two fluo-
rescence values after stimulus arrival at the mucosa, F; and F,, were larger
than the maximum of the F, values, and if F, was larger than F; (12).

Analysis of Spatial Distribution. The position of cells was evaluated in two
dimensions perpendicular to each other, medial-to-lateral and basal-to-apical.
Position in the first dimension was determined according to ref. 6, and in the
second dimension by measuring the relative height of the cell, defined as
distance of the cell soma center from the basal border of the epithelium di-
vided by total thickness of the epithelial layer at the position of the cell (h, =
heehiayer; Fig. S1). Cell positions were measured using Image) (http:/rsbweb.
nih.gov/ij/) and/or manually on printouts.

Median, skewness, and half-width of the resulting spatial distributions
were calculated from unbinned values using Open Office (version 3.2;
www.openoffice.org/). Half-width of a height distribution was defined as
difference between the values for the upper quartile and the lower
quartile. The peak value was taken from the graphical representation of
the histograms. To estimate whether two spatial distributions were sig-
nificantly different, we performed Kolmogorov-Smirnov tests on the
unbinned distributions as described in ref. 13. This test is particularly
suitable for continuous distributions and makes no assumptions about the
nature of the distributions investigated, which is essential because the
skewness of the observed distributions showed that these are not
Gaussian. Due to the sensitive nature of the test on large distributions (n >
100), we selected P < 0.01 as cutoff criterion for significant difference.
Results of the Kolmogorov-Smirnov test were confirmed by permutation
analysis (27) without exception.
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2.1.2 TRPC2 is EXPRESSED in TWO OLFACTORY SUBSYSTEMS

This section deals with the original research article published in the journal of
Experimental Biology (Vol. 217, Pages 2235-2238, published online on April, 2014).
Supplementary data associated with this article can be found in the CD attached.
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Trpc2 is expressed in two olfactory subsystems, the main and the
vomeronasal system of larval Xenopus laevis

Alfredo Sansone'*, Adnan S. Syed?*, Evangelia Tantalaki'?3, Sigrun I. Korsching? and Ivan Manzini'3*

ABSTRACT

Complete segregation of the main olfactory epithelium (MOE) and the
vomeronasal epithelium is first observed in amphibians. In contrast,
teleost fishes possess a single olfactory surface, in which genetic
components of the main and vomeronasal olfactory systems are
intermingled. The transient receptor potential channel TRPC2, a
marker of vomeronasal neurons, is present in the single fish sensory
surface, but is already restricted to the vomeronasal epithelium in a
terrestrial amphibian, the red-legged salamander (Plethodon
shermani). Here we examined the localization of TRPC2 in an
aquatic amphibian and cloned the Xenopus laevis trpc2 gene. We
show that it is expressed in both the MOE and the vomeronasal
epithelium. This is the first description of a broad trpc2 expression in
the MOE of a tetrapod. The expression pattern of trpc2 in the MOE
is virtually undistinguishable from that of MOE-specific v2rs, indicating
that they are co-expressed in the same neuronal subpopulation.

KEY WORDS: Amphibians, Olfactory organ, RT-PCR, In situ
hybridization

INTRODUCTION

The organization of olfactory organs varies considerably across
vertebrate species. Fishes generally possess a single olfactory organ
(Hamdani and Deving, 2007). Clearly anatomically segregated main
and vomeronasal olfactory systems first appeared in amphibians
(Taniguchi et al., 2011), and persisted in most later diverging
terrestrial vertebrates including rodents (Liberles, 2014). In rodents,
the main and vomeronasal systems are separated anatomically,
morphologically and molecularly. Their main olfactory epithelium
(MOE) contains ciliated olfactory receptor neurons (ORNSs)
generally expressing OR-type olfactory receptors that are endowed
with the canonical cAMP-mediated transduction pathway (Liberles,
2014). Their vomeronasal organ (VNO) contains two
subpopulations of microvillous receptor neurons, either expressing
vomeronasal type-1 receptors (V1Rs) and Go, or vomeronasal type-
2 receptors (V2Rs) and Ga,. Recently, an additional subpopulation
of sensory neurons expressing formyl peptide receptors has been
identified (for a review, see Liberles, 2014). VIR- and V2R-

TInstitute of Neurophysiology and Cellular Biophysics, University of Géttingen,
Humboldtallee 23, 37073 Gottingen, Germany. ?Institute of Genetics, University of
Cologne, Zulpicher Strasse 47a, 50674 Cologne, Germany. *Center for Nanoscale
Microscopy and Molecular Physiology of the Brain (CNMPB), 37073 Géttingen,
Germany.

*Shared first authors

*Author for correspondence (imanzin@gwdg.de)

This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted
use, distribution and reproduction in any medium provided that the original work is properly
attributed.

Received 4 February 2014; Accepted 2 April 2014

expressing sensory neurons depend on a phospholipase C- and
diacylglycerol-mediated transduction pathway that leads to
activation of canonical transient receptor potential channel 2
(TRPC2), a cation channel crucial for signal transduction in the
rodent VNO. In addition, some TRPC2-independent signaling
pathways are also present in the rodent VNO (for a detailed review,
see Liberles, 2014; and references therein). These VNO-specific
genes were first identified in rodents, but later were also found in
the olfactory system of teleost fishes (for a review, see Hamdani and
Deving, 2007). VR-type olfactory receptors and TRPC2 are also
present in earlier diverging fishes such as sharks and lampreys (Grus
and Zhang, 2009), indicating that molecular components of the
rodent VNO already existed in the common ancestor of all living
vertebrates. Amphibians are early diverging tetrapods compared
with rodents, represent a transitional stage in the evolution of the
vomeronasal system, and may thus be crucial for understanding of
the evolution of the vomeronasal system and its genetic components.
On the one hand, they have an anatomically segregated vomeronasal
system; on the other hand, at least in the mostly aquatic Xenopus,
expression of vomeronasal receptors is not limited to the VNO. Vlirs
(Gliem et al., 2013) and more ‘ancient’, earlier diverging, v2rs (Syed
et al., 2013) are exclusively expressed in the MOE. Also, the cellular
composition of the Xenopus MOE is very similar to that of the
single sensory epithelium of teleost fishes (Hamdani and Deving,
2007), as it contains ciliated as well as microvillous ORNs (Gliem
et al., 2013). However, the Xenopus VNO is already very similar to
that of rodents, in the sense that it is made up solely of microvillous
receptor neurons, and that its cells express v2rs, Go; and/or Go,
(Gliem et al., 2013). In the terrestrial salamander Plethodon
shermani, a later diverging amphibian compared with Xenopus, all
V2Rs and TRPC2 are already confined to the VNO (Kiemnec-
Tyburczy et al., 2012).

Here we identified the trpc2 gene of Xenopus laevis (Daudin
1802), and found that it is expressed in cells of both the larval MOE
and VNO. This is the first description of a widespread trpc2
expression in the MOE of a vertebrate also possessing a VNO.
Furthermore, we show that the expression pattern of ¢7pc2 in the
Xenopus MOE is virtually undistinguishable from that of a broadly
expressed v2r gene, v2r-C, suggesting a co-expression in the same
subset of cells.

RESULTS AND DISCUSSION

Trpc2 expression has so far not been reported in any anuran species,
so we used RT-PCR to test whether the #rpc2 transcript is present in
the olfactory organ of X. laevis. The X. laevis genome sequence is
not available, and the trpc2 gene sequence was not known.
Therefore, we designed degenerate primers based on the trpc2
sequence of Xenopus tropicalis, a species closely related to X. laevis.
The primers were designed to target a highly conserved region
among different vertebrate species (Fig. 1A). We then performed
RT-PCR on the olfactory organ (MOE and VNO) of larval X. laevis
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List of abbreviations

DIG digoxigenin

MOE main olfactory epithelium

ORN olfactory receptor neuron

TRPC2 transient receptor potential channel 2
VIR vomeronasal type-1 receptor

V2R vomeronasal type-2 receptor

VNO vomeronasal organ

and a 1402 bp fragment was isolated and sequenced (Fig. 1B). In
BLAST searches, the obtained sequence (accession no. HG326501,
European Nucleotide Archive) showed the X. tropicalis gene as the
closest ortholog (90% nucleotide identity). A multi-species
alignment (see supplementary material Fig. S1) showed a high
degree of similarity between the X. laevis trpc2 fragment and the
sequence of diverse vertebrate species (identity: Plethodon shermani
78%, Danio rerio 72%, Mus musculus 72%, Macropus eugenii
72%). Next we analyzed the tissue specificity of the trpc2 gene
expression by performing RT-PCR with a second set of primers
specific for the X. laevis sequence (see Materials and methods).
Amplified products of the expected size were reproducibly found in
the larval MOE and the VNO, whereas no signals were detected
from the olfactory bulb and other organs, such as the brain, heart and
eye (Fig. 1C). In a next step, the expression of #7pc2 was examined
by in situ hybridization of larval X. laevis tissue sections
encompassing both MOE and VNO. Numerous trpc2-positive cells
were observed in the epithelia of both the MOE and the VNO
(Fig. 2A). This bimodal expression in the two main olfactory organs
is different from the situation in all other tetrapods examined so far.
Trpc2 expression in salamander (Plethodon shermani), the only non-
mammalian tetrapod examined, is limited to the VNO (Kiemnec-
Tyburczy et al., 2012), as in all mammals investigated so far
(Liberles, 2014).

Xenopus laevis is also peculiar in that some v2rs are expressed in
the MOE, whereas other v2rs are expressed in the VNO (Gliem et
al., 2013; Syed et al., 2013). Thus, the TRPC2 distribution we report
here parallels the distribution of V2Rs. In a terrestrial salamander,
v2r expression is confined to the VNO, in other words, it again
parallels the trpc2 expression, which is also restricted to the VNO
in this species (Kiemnec-Tyburczy et al., 2012). Such co-localization
supports the hypothesis that TRPC2 is involved in V2R signal
transduction.

Predicted trpc2 mRNA (Xenopus tropicalis)

To obtain a more stringent criterion of co-localization, we
examined the relative height (in basal-to-apical direction) of cells
expressing trpc2. This parameter shows a distinct, non-random
distribution for cells expressing v2rs in the MOE of Xenopus laevis
(Syed et al., 2013) (see also Fig. 2B). Evaluation of more than 300
trpc2-expressing cells showed that the trpc2 gene is expressed in a
distinct zone of the MOE that closely resembles the expression zone
of v2r genes, particularly v2r-C (Fig. 2C,D), determined in earlier
work of our group (Syed et al., 2013). In fact, the epithelial
distribution of tpc2 and v2r-C is almost identical, as judged by peak
position, half-width, median value and skewness (Fig. 2D). Similar
to v2rs (Syed et al., 2013), the medial-to-lateral distribution of #rpc2-
positive cells within the MOE was uniform with no tendency for
lateralization (not shown). Together, these results lead to the
hypothesis that in Xenopus, TRPC2 and V2Rs might be present in
the same subpopulation of cells.

Recent work of our group showed that a large subpopulation of
amino acid odor-sensitive microvillous ORNs of the Xenopus MOE
has a phospholipase C- and diacylglycerol-mediated transduction
pathway that may couple to TRPC2 (Gliem et al., 2013; Sansone et
al., 2014). Microvillous ORNS in the single sensory surface of fishes
are also known to be sensitive to amino acid odors and to express v2rs
and trpc2 (Sato et al., 2005). In fact, two fish V2Rs, OlIfCal and
OIfCcl, have been shown to be sensitive to amino acid odors
(DeMaria et al., 2013; and references therein). Together, these data
suggest that in Xenopus, TRPC2 could be involved in mediating the
amino acid response of V2Rs, similar to the situation in fishes. Further
investigations will be necessary to substantiate this hypothesis.

Our results strengthen the general concept that sensory neurons
expressing v2rs and trpc2 may be connected to the detection of non-
volatile odors. In fully terrestrial vertebrates (Liberles, 2014), including
a terrestrial salamander (Kiemnec-Tyburczy et al., 2012), vomeronasal
receptors and trpc2 are solely expressed in the sensory neurons of the
VNO, mainly specialized for the detection of large non-volatile
molecules. In contrast, in teleost fishes, vomeronasal receptors and
trpc2 are expressed in the single sensory epithelium (Sato et al., 2005;
Hamdani and Dgving, 2007). In the fully aquatic larvae of X. laevis,
vomeronasal receptors (Gliem et al., 2013; Syed et al., 2013) and #rpc2
(present study) are expressed in both the MOE and VNO. It will be
interesting to see whether the correlation of sensory neurons expressing
vomeronasal receptors and trpc2 for non-volatile odors holds up in
adult X laevis, in which the larval MOE has metamorphosed into an
air nose and a new adult water nose has emerged.

Fig. 1. Cloning of trpc2 and analysis of tissue-specific
expression. (A) Schematic representation of the predicted
trpc2 transcript of Xenopus tropicalis and degenerate primers
used for the PCR shown in B. Two fragments of the trpc2

multi-species alignment are shown below. The black boxes
highlight the conserved regions chosen to design the
degenerate primers. (B) Touchdown RT-PCR with degenerate
primers (see A). An amplification product of 1402 bp was
detected in the olfactory organ (OO) including both the main
olfactory epithelium (MOE) and the vomeronasal organ

X. tropicalis
D.rerio
P.shermani

M.musculus
M. eugenii

(VNO). The obtained fragment was sequenced, and in BLAST
searches (http://blast.ncbi.nlm.nih.gov/) gave the best score
with the predicted X. tropicalis trpc2 sequence (90%
nucleotide identity). (C) For analysis of tissue specificity, an

FW 5’ -GTGGCHGTGGACACMAACCA-3"

B C
& RN
o L@ L &
e = p——
L~ 200 bp
2236

RV 3’ -ACACCKKAGTTRTTRTAGATACA-5"

31

RT-PCR (35 cycles) for trpc2 was performed with specific
primers (see Materials and methods) under stringent
conditions. OB, olfactory bulb. An amplification product of the
expected size was detected in the VNO and MOE, whereas
no signal was detected from other organs.
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Certainly the results of the present study add to growing evidence
that the olfactory regionalization in X. laevis, and very likely also in
other aquatic amphibians, is still incomplete. They possess an
anatomically segregated vomeronasal system, but their main
olfactory system is still very similar to that of teleost fishes,
including cellular and genetic components that are already confined
to the VNO in fully terrestrial vertebrates. This intermediate
segregation of the Xenopus olfactory system results in an excellent
model system to study the molecular driving forces governing the
evolution of the vertebrate olfactory system.

MATERIALS AND METHODS

cDNA synthesis and PCR

Larvae of X. laevis (of either sex, stages 50 to 54) were cooled in iced water
to produce complete immobility and killed by transection of the brain at its
transition to the spinal cord, as approved by the Gottingen University
Committee for Ethics in Animal Experimentation. Tissue samples from the
VNO, MOE, olfactory bulb, brain, heart and eye were isolated and flash
frozen until nucleic acid extraction. Genomic DNA and total RNA were
extracted using the innuPREP DNA/RNA Mini Kit (Analytik Jena, Jena,
Germany). Purity and quantity of RNA were measured using a
NanoPhotometer (Implen, Munich, Germany) and integrity of RNA was
evaluated using 1% agarose gel electrophoresis. cDNA synthesis was
performed using the Omniscript Reverse Transcriptase Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. Amplification of a
partial sequence of the X. laevis trpc2 gene was performed using degenerate
PCR. Design of primers [5'-GTGGCHGTGGACACMAACCA-3', 5'-
ACATAGATRTTRTTGAKKCCACA-3'; modified from Kiemnec-Tyburczy
et al. (Kiemnec-Tyburczy et al., 2012)] was based on multi-species
alignment (Clustal W2, http://www.clustal.org/) of the trpc2 gene sequences
of Plethodon shermani (accession mno.: JN805769), Danio rerio
(NM_001030166), Mus musculus (NM_001109897), Macropus eugenii
(GQB860951) and Xenopus tropicalis (predicted by automated computational
analysis; XM _002941188). A touchdown PCR protocol was performed
using the Phusion High-Fidelity DNA Polymerase (New England Biolabs,
London, UK). The touchdown PCR parameters were: 98°C for 2 min; 20
cycles of 98°C for 1 min, 58°C for 30s, 72°C for 1 min; 20 cycles of 98°C
for 1 min, 51.4°C for 30s, 72°C for 1 min; and 72°C for 10 min. The
amplified product was then extracted from the agarose gel (QIAEXII,

Fig. 2. Distribution of trpc2-positive cells closely mimics
that of v2r-C-expressing cells in the MOE. (A) Cryosections of
larval Xenopus laevis were hybridized with antisense probes for
the trpc2 gene. The micrograph shown is from a horizontal
section of larval head tissue, which contains both the MOE and
the VNO. A zone of trpc2-positive cells was detected in the MOE
and widespread labeling was visible in the VNO. The arrow is
pointing at the region enlarged in the inset. (B) Cryosections of
larval head tissue were hybridized with antisense probes for the
v2r-C gene. Orientation and region as explained in A. Consistent
with previous results (see Syed et al., 2013), v2r-C-positive cells
were only found in the MOE, and occupy a discrete zone there.
The arrow is pointing at the region enlarged in the inset.

(C) Basal-to-apical distribution (0, most basal; 1, most apical
position) of trpc2 (314 cells, 5 sections) and v2r-C-expressing
cells [data taken from Syed et al. (Syed et al., 2013) and shown
here for comparison]. Data are given as mid-bin values

(0.1 bin size); y-axis shows total number of cells per bin.

var-C (D) Characteristic parameters for the distribution of trpc2-
expressing cells; values for v2r-C taken from our earlier work

0.4 (Syed et al., 2013) are shown for comparison.

0.233

0.418

0.209

Qiagen), purified (QIAquick PCR Purification Kit, Qiagen) and re-amplified
with the same set of primers under the same conditions. The purified product
was sequenced (Seqlab, Gottingen, Germany). The sequence has been
deposited in the European Nucleotide Archive (accession no. HG326501).
For analysis of tissue specificity, we used the same cDNAs and a second
primer pair targeting a shorter region of the #rpc2 transcript. The second
primer pair was also used for producing an in sifu hybridization probe (see
below).

In situ hybridization

A trpc2 fragment of 265 bp was obtained by PCR using genomic DNA of
X. laevis as template and 5'-AAGGGATTAAGATGGACATCAA-3' and 5'-
GCAATGCCCTTGTAGGTGTT-3" as primers, cloned into pGEMT
(Promega, Mannheim, Germany) and confirmed by sequencing.
Digoxigenin (DIG) probes were synthesized according to the DIG RNA
labeling kit supplier protocol (Roche Molecular Biochemicals, Mannheim,
Germany) using the same forward and reverse primers with a T3 promoter
site attached to their 5’ end. Tissue blocks containing VNO and MOE were
fixed in 4% formaldehyde solution for 2 h at room temperature, equilibrated
in 30% saccharose, and embedded in Jung tissue freezing medium (Leica,
Bensheim, Germany). Sections of 8-12 um were cut horizontally using a
cryostat (CM1900, Leica). Cryostat sections were then dried at 55°C and
postfixed in 4% paraformaldehyde for 10—15 min at room temperature.
Hybridizations were performed overnight at 60°C using standard protocols.
Anti-DIG primary antibodies coupled to alkaline phosphatase (Roche
Molecular Biochemicals) and NBT-BCIP (Roche Molecular Biochemicals)
were used for signal detection.

Analysis of spatial distribution

The basal-to-apical position of trpc2-positive cells within the MOE was
calculated by measuring the relative height of the cell, defined as distance
of the center of the cell soma from the basal border of the MOE divided by
total thickness of the epithelial layer at the position of the cell
(Mrer=heei/Mayer). The medial-to-lateral distribution of #rpc2-positive cells
within the MOE was determined by subdividing the epithelium into three
parts and counting positive cells in each of the three subdivisions [for more
information, see Gliem et al. (Gliem et al., 2013)]. Cell positions were
measured using Imagel (http://rsbweb.nih.gov/ij/). Median, skewness and
half-width of the resulting spatial distribution were calculated from unbinned
values using Open Office (http://www.openoffice.org; for more information,
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see Syed et al. (Syed et al., 2013)]. The epithelial position of ORNs
expressing vomeronasal receptors used for comparison was determined in a
previous study using identical methods (Syed et al., 2013).
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2.1.3 ODOR MAPPING to the OLFACTORY RECEPTORS EXPRESSION in
MOE

This section deals with the original research article published in the journal Cellular and
Molecular Life Sciences (Vol. 70, No. 11, Pages 1965-1984, published online on
December, 2012).
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Abstract In contrast to the single sensory surface present
in teleost fishes, several spatially segregated subsystems
with distinct molecular and functional characteristics define
the mammalian olfactory system. However, the evolutionary
steps of that transition remain unknown. Here we analyzed
the olfactory system of an early diverging tetrapod, the
amphibian Xenopus laevis, and report for the first time the
existence of two odor-processing streams, sharply segre-
gated in the main olfactory bulb and partially segregated in
the olfactory epithelium of pre-metamorphic larvae. A lateral
odor-processing stream is formed by microvillous receptor
neurons and is characterized by amino acid responses and
Ga,/Ga; as probable signal transducers, whereas a medial
stream formed by ciliated receptor neurons is characterized
by responses to alcohols, aldehydes, and ketones, and Go;/
cAMP as probable signal transducers. To reveal candidates
for the olfactory receptors underlying these two streams, the
spatial distribution of 12 genes from four olfactory recep-
tor gene families was determined. Several class II and some
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class I odorant receptors (ORs) mimic the spatial distribu-
tion observed for the medial stream, whereas a trace amine-
associated receptor closely parallels the spatial pattern of
the lateral odor-processing stream. Other olfactory recep-
tors (some class I odorant receptors and vomeronasal type
1 receptors) and odor responses (to bile acids, amines) were
not lateralized, the latter not even in the olfactory bulb,
suggesting an incomplete segregation. Thus, the olfactory
system of X. laevis exhibits an intermediate stage of seg-
regation and as such appears well suited to investigate the
molecular driving forces behind olfactory regionalization.

Keywords Xenopus laevis - Olfactory receptor neurons -
taar genes - vIr genes - or class I and class II genes -
G proteins

Abbreviations

MOE  Main olfactory epithelium
VNO Vomeronasal organ

ORs Odorant receptors

VIRs  Vomeronasal receptors of type 1
V2Rs  Vomeronasal receptors of type 2
AOB Accessory olfactory bulb

MOB Main olfactory bulb

TAARs Trace amine-associated receptors
ORNs  Olfactory receptor neurons
Introduction

The neuronal representation of odors in mammals gener-
ally relies heavily on segregation in subsystems that differ
anatomically, functionally, and molecularly [1-3]. The two
largest subsystems are the main olfactory epithelium (MOE)
and the vomeronasal organ (VNO). The MOE contains

@ Springer



1966

S. Gliem et al.

mostly ciliated neurons expressing the G protein Go; and
odorant receptors (ORs) that segregate in several distinct
expression zones, with class I odorant receptors stringently
restricted to one of these zones. The VNO contains two
sharply delineated populations of microvillous neurons,
a basal layer expressing vomeronasal receptors of type 2
(V2Rs) and Go,, and an apical layer expressing vomero-
nasal receptors of type 1 (VI1Rs) and Go;. The Griineberg
ganglion and the septal organ of Masera constitute two addi-
tional olfactory organs [4]. All these sensory surfaces have
discrete target areas, the VNO in the accessory olfactory
bulb (AOB) and all others within the main olfactory bulb
(MOB). Interestingly, lungfish, the closest living relatives
of tetrapods, possess several vomeronasal primordia, which
share a target region in the olfactory bulb [5, 6]. It is not
known whether these primordia are derived from a common
ancestral structure in lobe-finned fishes or whether they rep-
resent lineage-specific specializations.

In contrast, ray-finned fishes including macrosmatic
species [7] possess a single olfactory sensory surface and a
common olfactory bulb. Nevertheless, the two main sensory
neuron populations, ciliated and microvillous neurons, as
well as the main olfactory receptor families and correspond-
ing G proteins all are found in the teleost fish olfactory
system intermingled in the shared sensory surface [8—10].
Within the olfactory bulb, the target regions of ciliated and
microvillous neurons are somewhat segregated, but are still
massively intertwined [11, 12].

Xenopus laevis, as an early diverging tetrapod, is evolu-
tionarily much closer to mammals than lungfish, and this
also holds true for the structural design of its MOE and
VNO. However, Xenopus larvae still exhibit a fully aquatic
life style. The transition from aquatic to airborne olfaction
within the tetrapod lineage likely required a major recon-
struction of the olfactory system. The inverse transition
necessitated by the secondarily aquatic life style of whales
and dolphins did not succeed well, as cetaceans are by
and large anosmic species [13]. It is unclear whether the
segregation in different subsystems was required by the
evolutionary transition to airborne olfaction. Alternatively,
the tendency to segregate olfactory functions may long
precede this transition. In this case, one would expect evi-
dence of segregation at the molecular and functional level
already in the larval olfactory system of X. laevis. Some
physiological aspects of the larval Xenopus olfactory system
have already been examined (for a review see [14]). Prelimi-
nary information about the larval expression of one vome-
ronasal and some odorant receptors is available ([15, 16],
respectively), and the olfactory receptor gene repertoires of
a closely related species, X. tropicalis, have been established
[17]. However, there has been no attempt so far to corre-
late molecular analysis and physiological function. Here
we examined the spatial distribution of olfactory receptor
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molecules, associated G proteins, and odor responsiveness
in the main sensory surface and the olfactory bulb as well
as the nose—brain connections at the same defined stage
in Xenopus larval development shortly before the onset of
metamorphosis. We identified a lateral stream of odor-pro-
cessing characterized by responses to amino acids, the pres-
ence of Gu,/Ga; and the expression of trace amine-associ-
ated receptors (TAARS), which is segregated from a medial
stream of odor processing, characterized by expression of
class II ORs, responses to alcohols, aldehydes, and ketones
and presence of Ga,;. We report that significant spatial seg-
regation of odor processing occurs already in the sensory
surface and that segregation of these two odor streams is
enhanced in the olfactory bulb.

Materials and methods
Tracing of neuronal processes

For visualization of glomerular clusters (see also [18]) in
the MOB of larval X. laevis, axons of olfactory receptor
neurons (ORNs) were labeled using biocytin (e-biotinoyl-
L-lysine, Molecular Probes, Leiden, The Netherlands). All
procedures for animal handling and tissue dissections were
carried out according to the guidelines of the Goéttingen
University Committee for Ethics in Animal Experimenta-
tion. Briefly, animals (stages 50-54; staged after [19]) were
anesthetized with 0.02 % MS-222 (Sigma, Deisenhofen,
Germany) for at least 1 min to produce complete immobil-
ity. Subsequently, small crystals of biocytin were placed into
both nasal cavities, platinum electrodes (0.22 mm in diam-
eter) were inserted into the cavities and square pulses with
alternating polarity (30 V, 20 ms, 12 pulses at 1 Hz) were
applied to facilitate biocytin intake into ORNs. To allow
anterograde axonal transport of the dye, the animals were
then kept in water tanks at low light levels for approximately
1 day. The animals were then cooled to produce complete
immobility, killed by transection of the brain at its transition
to the spinal cord, and fixed in 4 % formaldehyde solution
for 2 h at room temperature. A block of tissue containing
the olfactory organs, olfactory nerves, and the forebrain was
then excised and processed as described below.

To visualize the epithelial location of ORNs that project
to the lateral or medial glomerular clusters, ORN axons of
the lateral and medial axonal tracts were labeled by elec-
troporation of biocytin. Briefly, a block of tissue (see above)
was excised, and all tissue ventral to the olfactory bulb was
cut off to get access to the axonal sorting zone. The olfactory
nerve and the olfactory organs were left intact. The explant
was subsequently transferred to a recording chamber filled
with bath solution and a patch pipette (resistance 5—-8 M)
filled with bath solution saturated with biocytin (Molecular
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Probes) was carefully inserted into the axonal tract close
to its glomerular target region. Lateral and medial axonal
tracts of the left and right MOB were, respectively, labeled.
Electroporation was performed by application of square
pulses (100 V, 20 ms, 12 pulses at 1 Hz). The tissue block
was then kept in bath solution for 4 h to allow retrograde
axonal transport of biocytin and was subsequently fixed in
4 % formaldehyde solution for 2 h at room temperature.

The formaldehyde-fixed preparations were washed in
PBS, embedded in 5 % low-melting point agarose (Sigma)
and sectioned at 70 pwm on a vibratome (Leica VT 12008,
Bensheim, Germany). The sections were then washed with
PBS containing 0.2 % Triton X-100 (PBS-TX) for 15 min
and incubated with Alexa Fluor 488 conjugated avidin
(100 pg/ml in PBS-TX; MoBiTec, Gottingen, Germany) for
2 h at room temperature. The sections were then washed in
PBS for 15 min, transferred to slides, and mounted in mount-
ing medium (Dako, Hamburg, Germany). All tissue sections
were viewed using a confocal laser-scanning microscope
(LSM 510/Axiovert 100 M, Zeiss, Jena, Germany).

Preparations of acute slices of the MOE and nose—brain
preparations

Larval X. laevis (stages 50-54) were killed as described
above. For slices of the MOE, a block of tissue containing
the olfactory organs, the olfactory nerves, and the forebrain
was cut. The tissue was then glued onto the stage of the
vibroslicer, cut horizontally into a 150-pm-thick slice, and
kept in bath solution. For low magnification imaging of axon
terminals in whole olfactory bulbs, tadpoles were anesthe-
tized and ORNs were stained with Fluo-4 10 kDa dextran
(Molecular Probes) via electroporation (as described above
for biocytin). At least 24 h later, the animals were killed and
tissue blocks containing the olfactory systems were excised.
The connective tissue covering the ventral side of the tel-
encephalon was removed prior to confocal microscopy. For

Table 1 Components of odorant mixtures

imaging individual glomeruli, we used nose—brain prepara-
tions with the dorsal surface of the olfactory bulbs removed
using the vibroslicer. The olfactory organs and the olfactory
nerves were left intact. For a more detailed description of
these preparations, see earlier work of our lab [20, 21].

Solutions, staining protocol, and stimulus application

The bath solution consisted of (in mM): 98 NaCl, 2 KCl,
1 CaCl,, 2 MgCl,, 5 glucose, 5 Na-pyruvate, 10 HEPES,
230 mOsmol/l, pH 7.8. All bath solution chemicals were
purchased from Merck (Darmstadt, Germany) or Sigma and
were of the highest purity available. Tissue preparations (see
above) were transferred to a recording chamber, and bath
solution containing 50 WM Fluo-4/AM (Molecular Probes)
was added. Fluo-4/AM was dissolved in DMSO (Sigma)
and Pluronic F-127 (Molecular Probes). The final concen-
trations of DMSO and Pluronic F-127 did not exceed 0.5
and 0.1 %, respectively. Cells of the MOE and the olfac-
tory bulb of larval X. laevis express multidrug transporters
[22, 23] with a wide substrate spectrum, including calcium-
indicator dyes. To avoid transporter-mediated destaining of
the slices, S0 uM MKS571 (Alexis Biochemicals, Griinberg,
Germany), an inhibitor of multidrug transporters, was added
to the incubation solution. The preparations were incubated
on a shaker at room temperature for 35 min. As odorants,
we used a mixture of alcohols, aldehydes, and ketones,
and mixtures of amines, bile acids (obtained from crude
ox bile), and amino acids, all purchased from Sigma (listed
in Table 1). Furthermore, we used forskolin (Sigma) as an
activator of adenylate cyclase. The odorant mixtures were
dissolved in bath solution (stocks of 10-50 mM) and used
at a final concentration of 100200 wM. Forskolin was
dissolved in DMSO (stock of 10 mM) and used at a final con-
centration of 50 WM. In all experiments, the odorant mixtures
were repeatedly applied in random order at a minimal
interstimulus interval of 2 min. Bath solution was applied

Odorant mixture

Components®

Amino acids (AA) (nose-brain prep)

L-Proline, L-valine, L-leucine, L-isoleucine, L-methionine, glycine, L-alanine,

L-serine, L-threonine, L-cysteine, L-arginine, L-lysine, L-histidine, L-tryptophan,
L-phenylalanine

Amino acids (AA) (MOE acute slices)

L-Proline, L-valine, L-leucine, L-isoleucine, L-methionine, glycine, L-alanine,

L-serine, L-threonine, L-cysteine, L-asparagine, L-glutamine, L-arginine, L-lysine,
L-histidine, L-glutamate, L-aspartate, L-tryptophane, L-phenylalanine

Bile acids (BA) (main components)
Amines (AM)

Taurocholic acid, glycocholic acid, cholic acid, deoxycholic acid
2-Phenylethylamine, tyramine, butylamine, cyclohexylamine, hexylamine,

3-methylbutylamine, N,N-dimethylethylamine, 2-methylbutylamine,
1-formylpiperidine, 2-methylpiperidine, N-ethylcyclohexylamine,
1-ethylpiperidine, piperidine

Mixture of alcohols, ketones and aldehydes (AL)

a-Terpineol, B-ionone, B-phenylethylalcohol, y-phenylpropylalcohol, Citral

# All components used at a final concentration of 100-200 M
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by gravity feed from a storage syringe through a funnel drug
applicator to the recording chamber. The tip of the applica-
tor was placed directly above the MOE. The odorants and
forskolin were applied into the funnel without stopping the
flow. Outflow was through a syringe needle placed close to
the MOE.

Ca** imaging and data evaluation

Changes of intracellular calcium concentrations of indi-
vidual ORNs or glomeruli were monitored using a laser-
scanning confocal microscope (LSM 510/Axiovert 100 M,
Zeiss). Fluorescence images (excitation at 488 nm; emis-
sion >505 nm) of the MOE (acute slice of the MOE) or
the olfactory bulb (nose—brain preparations) were acquired
at 1.27 Hz and 786-ms exposure time per image with ten
images taken as control images before the onset of stimulus
application. The thickness of the optical slices excluded fluo-
rescence detection from more than one cell layer or glomer-
ulus. Image analysis was performed using custom programs
written in MATLAB (MathWorks, Natick, MA, USA). To
facilitate selection of regions of interest, a “pixel correla-
tion map” was obtained by calculating the cross-correlation
between the fluorescence signals of a pixel to that of its
immediate neighbors and by then displaying the resulting
value as a grayscale map [24]. The fluorescence changes
for individual regions of interest (ORNs or glomeruli)
are given as AF/F values. For more detailed information,
see our previous work [25]. For whole olfactory bulb imag-
ing, low-resolution A F/F data was processed using a Gauss-
ian filter and is presented as a semi-transparent overlay of
the peak response onto the olfactory bulb structure.

In order to quantify the spatial distribution of ORNs
responding to amino acids or forskolin, the MOE was sub-
divided into three parts with equal length of the enclos-
ing borders (see Fig. 3a) using the image-processing and
analysis tool ImageJ (http://rsbweb.nih.gov/ij/). Cells with
particular response specificities were counted in each of the
three MOE subdivisions.

Immunohistochemistry

The following antibodies were used: Ga,y, (Santa Cruz
Biotech, cat-no. sc-383, lot H1409); Gaoy; (Santa Cruz
Biotech, cat-no. sc-262, lot EQ710, also cross-reacting with
other Go proteins according to manufacturer information);
Ga, (Abcam, Ab35150, lot GR39385-1); Gocq,11 (Santa Cruz
Biotech, cat-no. sc-46972, lot A0208); Gocq (Santa Cruz Bio-
tech, cat-no. sc-393, lot D0510); anti-tubulin (acetyl K40,
Abcam, Ab11323, lot 6-11B-1); Alexa Fluor 488 goat anti-
mouse (MoBiTec, cat-no. AZA11001); Alexa Fluor 546 goat
anti-mouse (MoBiTec, cat-no. AZA11003); Alexa Fluor 488
goat anti-rabbit (MoBiTec, cat-no. AZA11008); Alexa Fluor
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546 goat anti-rabbit (MoBiTec, cat-no. AZA11010); Alexa
Fluor 488 rabbit anti-goat (MoBiTec, cat-no. A11078).

Antisera directed against the G protein a-subunits Gog,
Ga, and Go; were used to localize different subsets of
receptor neurons (see [15, 26, 27]) in the olfactory organ of
larval X. laevis and to determine their projection pattern into
the olfactory bulb. In some cases, ORNs were visualized by
retrograde biocytin labeling (see [28]). Go;; and Ga only
stained non-sensory supporting cells (data not shown).

Larval X. laevis (stages 50-54) were killed as described
above. Tissue blocks (see above) were fixed in 4 % formal-
dehyde solution for 2 h at room temperature, equilibrated
in 30 % saccharose, and embedded in Jung tissue freezing
medium (Leica) for cryosectioning (10-20 pm sections).
Sections were washed in PBS-TX, and non-specific bind-
ing was blocked with 3 % normal goat serum (ICN, Aurora,
OH, USA) for Guo; stainings, or 3 % bovine serum albu-
min (Sigma) for Go, and Ga,y; stainings, or 2 % bovine
serum albumin for Go, and G()Lq, in PBS-TX for 1 h. The
sections were then incubated overnight at 4 °C with the
primary antibodies (1:200) diluted in the respective block-
ing solution/PBS. Primary antibodies were washed off with
PBS and the respective fluorophore-coupled secondary anti-
bodies were applied at a dilution of 1:500 in 1 % blocking
solution/PBS for 2 h at room temperature. The secondary
antibodies were then washed off in several changes of PBS.
To allocate signaling molecule expression to either cili-
ated or microvillous ORNs, we performed double-labeling
experiments with antibodies against Ga,,, Go; and Go,,
together with antibodies against tubulin (ciliary marker;
1:2,000) or fluorophore-coupled phalloidin (marker for
microvilli; 1:250; Alexa Fluor 488 coupled to phalloidin,
MoBiTec, cat-no. AZA12379; Alexa Fluor 546 coupled
to phalloidin, MoBiTec, cat-no. AZA22283). All prepara-
tions were then transferred to slides, mounted in mounting
medium (Dako) and viewed using a confocal laser-scanning
microscope (LSM 780/upright Axio Examiner Z1, Zeiss).
Optical sections were processed using ZEN software (Zeiss)
and displayed as maximum intensity projections.

In order to quantify the spatial distribution of G protein-
like immunoreactivity, we subdivided the MOE as described
in the section above, and summed up the G protein-related
fluorescence intensity values of the entire area of each sub-
division of the MOE.

Western-blot analysis

Western blots were performed to test the specificity of anti-
bodies directed against mammalian G alpha protein subu-
nits Ga., Go, and Go; in larval X. laevis. Tissue from
the olfactory organs and the olfactory bulb from larval
X. laevis (stages 43—-45, 52-54 and 64-66) was collected
and immediately conserved in liquid nitrogen. The frozen
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tissue samples were then homogenized using a glass homog-
enizer in lysis buffer containing 10 mM Tris/HCI, pH 7.4,
0.1 % SDS, 1 mM EDTA pH 8.0, 1 % Triton X100, and a
protease inhibitor mixture (Sigma). The lysate was centri-
fuged at 10,000 x g for 1 min, and the protein content in the
supernatant was quantified by BCA assay (Thermo Scien-
tific, Rockford, USA). Equal amounts of protein (30 g per
lane) were separated in 10 % SDS-PAGE gels under reduc-
ing conditions and then transferred to Amersham Hybond-
ECL nitrocellulose membranes (GE Healthcare, Little Chal-
font, England) for Western-blot analysis. The membranes
were blocked with 5 % non-fat dry milk in PBS-Tween 20
(137 mM NaCl, 2.7 mM KCl, § mM Na,HPO,, 1.46 mM
KH,PO,, 0.05 % Tween 20, pH 7.4) and incubated overnight
at4 °C with 1:1,000 dilution of the primary antibodies (anti-
Gag anti-Ga,, and anti-Ga, for details see above). Blots
were washed three times with PBS Tween 20 and probed
with horseradish peroxidase (HRP)-conjugated secondary
antibodies (Dianova, anti-rabbit) for 1 h at a concentration
of 1:2,000 at room temperature. The blots were washed
again three times with PBS Tween 20, developed using Ace-
Glow chemiluminescence substrate (peqlab, Erlangen, Ger-
many) and analyzed by BiolD software (Vilber Lourmat,
Eberhardzell, Germany). The experiments revealed bands in
the range of the appropriate molecular weight.

In situ hybridization

Xenopus laevis genomic DNA was extracted using stand-
ard protocols and used for PCR-mediated cloning. For this
study, 12 genes from four olfactory receptor families were
used. Primers were designed using published sequence infor-
mation for the OR class 1 (xb242, xr116, or52dl) and OR
class 11 (xb180, xb177, xgenl47) receptor genes, ([16, 29];
Mezler and Breer, GenBank entries). Primers were designed
for two vir genes (viri0, viril) reported in [27], and one
vilr gene (vIr6) was cloned using the homology approach
with vIr6 in X. tropicalis. The X. laevis vIr6 turned out to
share 92 % amino acid sequence identity with its ortholog
in X. tropicalis. For two TAAR (taarl, taar4a) and one
v2r gene (xv2r E-1), we used the primer set described in
[30] and [15], respectively. The primer sequences we
used were: xrl16 (5-GTGACTCTCCTCTGCTACTT-3,
5'-AGTAAAAACCGTCCGTCTTG-3), xb242 (5'-ACCA
ATGCAGTGGTATTAGTG-3', 5-TGGGTACTAGATTTG
TGCTCG-3"), 0r52d1 (5'-GAYTCYTTCATCMTYATGCTG
ATG-3', 5-CHAWTARRTGRGTGGTACAGGT-3'), xb180
(5-AATGAAGGAGCCACAATGTAC-3/, 5'-GCAATAATG
AGTACGCCAATG-3'), xb177 (5-TTACCTTCTGATAAT
CTGGGAG-3/, 5-AGCAACAATGGACAATACAAC-3'),
xgenl47 (5'-CAGTRATGTCCTWTGACAG-3/, 5-TCCC
GGTATTGGACACTATC-3'), virll (5-AGYCAACCTC
ATACTCTACC-3/, 5-TCTGTCTGTGCTCCTTTTGC-3’),
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virl0 (5-CAGTTTGCTCAGCTGTTATCAG-3/, 5'-GTSA
GATAGTCCRTGTCACAG-3'), vir6 (5-TCATTCTCAAT
GCCCGTACA-3/, 5'-CCAAAACCATTAGCCCAACA-3),
taarl (5-GCCTTCACAATGGTATTTCTGG-3/, 5'-CCT
ATCTCTGCTTCGGGACAC-3'), taar4a (ACTTGGTCTG
TTTCCTGTGTGTTTT-3/, 5-TGGAAACTATGGTGGTT
ATGTACAAG-3'), xv2r E-1 (5-TGAGCTTCCTCCTCCT
TGTC-3, 5'-GGTAATGTCCGAGCTAAAAATGC-3').

Resulting fragment lengths varied from 200 to 500 bp.
All the genes were cloned into pDrive (Qiagen, Hilden,
Germany) and later confirmed by sequencing. Antisense
probes for in situ hybridization were derived from the
cloned DNA by PCR, using the same primer sequences,
but one of them with a T3 (TATTAACCCTCACTAAAGG-
GAA) promoter site attached to the 5’-end. Digoxigenin
(DIG) was incorporated into the probes according to the
DIG RNA labeling kit supplier protocol (Roche Molecular
Biochemicals, Mannheim, Germany). Olfactory organ tis-
sue blocks were prepared as described for immunohisto-
chemistry. Cryostat sections of 10—12 pm were obtained
and postfixed in 4 % paraformaldehyde for 10-15 min at
room temperature.

Hybridizations were performed overnight at 60 °C using
standard protocols. Anti-DIG primary antibodies coupled to
alkaline phosphatase (Roche Molecular Biochemicals) and
NBT-BCIP (Roche Molecular Biochemicals) were used for
signal detection.

In order to quantify the spatial distribution of olfactory
receptor genes, the MOE was subdivided into three parts as
described above. Areas were nearly identical for the subre-
gion close to the VNO (medial region) and the intermediate
region (36 and 35 %, respectively), but somewhat less for the
lateral region, most distant from the VNO (29 %). Half of the
in situ experiments were randomized and cell count was done
blindly with respect to the genes involved. No difference in
the results from non-randomized evaluation was seen.

Results

The lateral and medial glomerular cluster exhibit distinctly
different odor-response profiles

We analyzed the medial-to-lateral spatial distribution of
olfactory bulb responses to four main odor groups of aquatic
animals, amino acids (feeding stimulants, [31, 32]), amines
(also food signals, [32, 33]), bile acids (social interactions,
[31, 32, 34]) and alcohols, aldehydes, and ketones [35].
In addition, we analyzed olfactory bulb responses upon
mucosal application of forskolin, an activator of the cAMP-
dependent transduction pathway of ORNSs.

In low magnification views of the whole olfactory bulb
(Fig. 1a), application of amino acids and forskolin to the
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intact olfactory organ induced transient increases of Ca**-
dependent fluorescence of Fluo-4 in the neuropil of the
glomerular layer (Fig. 1b). Amino acids preferentially
induced responses in the lateral cluster, whereas forskolin
elicited activity predominantly in the medial cluster. For
analysis of individual glomeruli, we used nose—brain prep-
arations with the surface of the olfactory bulbs removed.
Odor-responsive structures were first allocated to one of
the known glomerular clusters of the MOB (see Fig. 1a).
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We then focused on the responding neuropil and repeated
the odorant application to verify that the responding spots
were individual, clearly delineated glomeruli with the typi-
cal fine structure (Fig. lc, pseudocolored and grayscale
images). The reproducibility of glomerular responses was
verified in nearly all cases by repeating the odorant appli-
cation at least twice. The signals were odor-specific, since
application of bath solution alone never evoked a compa-
rable response (see Fig. 1c).
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«Fig. 1 Odorant responses in the glomerular layer of the main olfac-
tory bulb. a Schematical representation of the nose-brain prepara-
tion (left panel) and the three main glomerular clusters of the MOB
(right panel). b Whole-mount olfactory bulb preparation stained with
Fluo-4 dextran showing the three main clusters of the MOB (upper
panel; LC red, MC blue). Application of amino acids preferentially
induced an increase in Ca’*-dependent fluorescence in the lateral
cluster (intermediate panel), whereas forskolin elicited activity pre-
dominantly in the medial cluster (lower panel). A representative
example of seven separate experiments is shown. ¢ Sequence of three
pseudocolored images showing calcium transients of an individual
glomerulus situated in the medial cluster upon application of amines.
The images were taken before stimulus application, at the peak of
the response and after return to the baseline fluorescence (from left
to right). The fine glomerular structure of the activated glomerulus
was visualized by a grayscale correlation map (rightmost image; see
“Materials and methods” for details). The time courses of the [Ca2+]i
transients of the glomerulus, evoked by mucosal application of the
different odorant groups are given below the images. The lower group
of pictures shows an individual glomerulus, situated in the lateral
cluster, responsive solely to amino acids (same explanation as above).
d Histogram showing the location of odorant-responsive glomeruli
(n = 80 glomeruli from 32 nose-brain preparations). e Out of 33
glomeruli tested for their responsiveness to all four odorant groups,
24 responded to one odorant group, eight responded to two odor-
ant groups, and one glomerulus to three odorant groups (left panel).
Odorant profiles of multiresponsive glomeruli are shown in the right
panel. All odorants were applied at a final concentration of 200 uM,
forskolin was applied at a final concentration of 50 WM. A anterior,
P posterior, L lateral, M medial, OO olfactory organ, ON olfactory
nerve, OB olfactory bulb, AA amino acids, AL alcohols, ketones,
and aldehydes, AM amines, BA bile acids, FO forskolin, LC lateral
glomerular cluster, /C intermediate glomerular cluster, MC medial
glomerular cluster, V lateral ventricle, control application of bath
solution

As representative examples, we show the response char-
acteristics of two glomeruli to all four odor groups (Fig. 1¢).
The first glomerulus, a component of the medial cluster,
reacts only to amines, the second glomerulus, situated in the
lateral cluster, only to amino acids. In total, we analyzed
odor responses of 80 glomeruli that could be clearly allo-
cated to a glomerular cluster (n = 32, nose-brain prepara-
tions; 42, 15, and 23 glomeruli for lateral, intermediate, and
medial cluster, respectively; Fig. 1d). Thirty-three glomeruli
were tested with all four odor groups, and of these, the large
majority reacted only to a single of the four odor groups
(Fig. le). Of the 24 monoresponsive glomeruli, seven
reacted to the mixture of amino acids, six to bile acids,
seven to amines, and four to the mixture of alcohols, alde-
hydes, and ketones. With one exception, the odor responses
of the remaining nine glomeruli were restricted to two out of
four odor groups. Amine responses were found to co-exist
with all three other odor groups, likewise for bile acids,
however we never found a glomerulus that reacted to both
amino acids and alcohols, aldehydes, and ketones (Fig. le).

Clear positional preferences were seen already in the
overview of the whole olfactory bulb for amino acid and
forskolin responses: amino acid responses were nearly
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exclusively found in the lateral cluster, while forskolin
responses showed a complementary restriction to the medial
cluster (Fig. 1b). This result was confirmed by the examina-
tion of single glomeruli at higher magnification, where we
found an almost exclusive location of amino acid-respon-
sive glomeruli in the lateral cluster (Fig. 1d), consistent with
previous observations [18, 36]. Moreover, the glomeruli
responsive to alcohols, aldehydes, and ketones were almost
exclusively located in the other large cluster, the medial glo-
merular cluster (Fig. 1d). In contrast, bile acid- and amine-
responsive glomeruli were more broadly distributed, and
were found in all three cluster regions, lateral, intermediate
and medial (Fig. 1d).

Lateral and medial glomerular cluster in the olfactory bulb
are innervated by spatially segregated populations
of receptor neurons

To what extent is the functional segregation apparent in the
glomerular response patterns in the olfactory bulb already
present in the sensory surface? To analyze this question we
used retrograde tracing of biocytin from the axonal tracts
emerging from the lateral and medial cluster (Fig. 2a) at
very lateral and very medial positions, respectively. For lat-
eral injections, the large majority of biocytin-labeled somata
were situated in the lateral part of the MOE, but occasion-
ally cells were also found in the medial region (Fig. 2b). For
medial injections, the distribution of labeled somata was the
inverse, i.e., the vast majority were positioned in the medial
part of the MOE and only rarely were cells found in the
lateral region (Fig. 2b). These findings show that the seg-
regation apparent in the olfactory bulb is already present in
the olfactory epithelium, some overlap of the two subsys-
tems notwithstanding. These two spatially segregated ORN
projection paths will be named lateral and medial stream
throughout the manuscript.

The existence of these two subsystems suggests that the
receptor neuron sub-populations projecting to the lateral and
the medial cluster of glomeruli should have distinct response
properties, reflecting that of the respective glomerular
clusters. Thus we proceeded to measure calcium responses
of individual ORNS in situ using acute slices of the MOE
stained with the calcium-indicator dye Fluo-4.

Most receptor neurons are specific for one
of the four odor groups

We detected sparse populations of responsive receptor
neurons for all four odor groups tested for glomerular
responses (Fig. 3a, b). For amino acids and amines, this cor-
roborates earlier observations [28, 30], whereas responses to
bile acids and the mixture of alcohols, aldehydes, and ketones
had not been examined so far. Representative traces obtained
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Fig. 2 Visualization of spatially segregated streams within the main
olfactory system. a Glomerular clusters are visualized by antero-
grade transport of biocytin (left panel). The three main glomerular
cluster (LC red, MC blue) as well as the AOB are distinctly vis-
ible. The schematic drawing (right panel) shows the location of the
left panel in larval Xenopus laevis. b Retrograde labeling of ORNs
by biocytin electroporation into the lateral (lower left-hand panel)
and medial (lower right-hand panel) axonal tracts at the level of the
MOB. Thick dotted lines indicate midlines and thin dotted lines trace
organ outlines. Electroporation into the lateral axonal tract predomi-
nantly labeled lateral ORNs (upper left-hand panel), whereas elec-
troporation into the medial axonal tract predominantly labeled medial
ORNSs (upper right-hand panel). A anterior, P posterior, L lateral, M
medial, OO olfactory organ, ON olfactory nerve, OB olfactory bulb,
LC lateral glomerular cluster, /C intermediate glomerular cluster, MC
medial glomerular cluster

for individual neurons (Fig. 3c) show fast calcium transients
for all odor groups, typical for ORN responses (see [37]). As
a positive control, we applied the adenylate cyclase activa-
tor forskolin, which increases cAMP levels, i.e., activates
the cAMP-dependent ciliated receptor neurons (Fig. 3a—d).
Application of bath solution by itself never evoked any
comparable response (Fig. 3¢). The reproducibility of ORN
responses was verified by regularly repeating the applica-
tion of most of the odorants at least twice. In total, we ana-
lyzed the odorant responses of 340 ORNs out of 17 MOE
slices (Fig. 3b—d).

@ Springer

42

Amino acid responses were observed much more
frequently than those to each of the other three odor classes,
with 188 versus 46, 70, and 65 responsive cells for amino
acids, bile acids, amines, and the mixture of alcohols,
aldehydes, and ketones, respectively. Over 90 % of ORNs
responded only to one odor group (Fig. 3d), showing that
the vast majority is narrowly tuned to individual groups of
odorants, similar to the high tuning specificity described
above for individual glomeruli (Fig. le). The remaining
cells mostly responded to two of the four odor groups and
only three cells responded to three odor groups. An exam-
ple of a mixed odor response is shown in Fig. 3c (top row),
whereas the other three cells depicted in Fig. 3c only react
to a single odor group each. Amine responses were found to
co-exist with all three other odor groups, likewise for bile
acids, however we never found a cell that reacted to both
amino acids and the mixture of alcohols, aldehydes, and
ketones (Fig. 3d). This parallels exactly our observations for
glomeruli (see Fig. 1), consistent with a clearly segregated
pathway for amino acids versus alcohols, aldehydes, and
ketones.

Amino acid-responsive cells were notably more specific
than the other three groups, as <5 % of amino acid-respon-
sive cells, but about one-third of amine, bile acid-responsive
cells, and cells responsive to the mixture of alcohols, alde-
hydes, and ketones reacted to other odor groups (Fig. 3d,
bottom left panel). We therefore went ahead to measure the
spatial distribution of amino acid-responsive neurons.

Amino acids activate lateral ORNs, while odors signaling
via cAMP preferentially elicit responses in medial ORNs

In previous work, we have shown that the MOE of larval
X. laevis comprises two large subsets of ORNs with differ-
ing transduction cascades and a differential sensitivity to
amino acid odorants [21, 38]. Here, we have analyzed the
spatial distribution of such cells. From the tracing results
described above, we expected the tripartite organization of
the olfactory bulb in three major glomerular clusters to be
somewhat reflected in the sensory surface. We have there-
fore quantified the number of odor-responsive cells in the
lateral, intermediate, and medial third of the olfactory epi-
thelium separately. We find that amino-acid responsive cells
were strongly enriched in the lateral third of the olfactory
epithelium (Fig. 3a), with about 60 % of all amino acid-
responsive cells restricted to the lateral third of the MOE,
and the remaining 40 % evenly distributed between interme-
diate and medial region. This lateral preference corresponds
to the spatial pattern for amino acid responsive glomeruli in
the olfactory bulb and thus provides functional evidence for
the existence of at least two segregated subsystems suggested
by our tracing experiments reported above. Interestingly, the
lateral-to-medial gradient is steeper in the olfactory bulb,
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Fig. 3 Odorant responses at the level of the main olfactory epithe-
lium. a Acute slice preparation of the whole MOE stained with
Fluo-4 (image acquired at rest). The red ovals indicate somata of indi-
vidual ORNSs that responded to the mixture of amino acids (100 pM).
Quantitative evaluation (right panel) shows more amino acid-respon-
sive cells in the lateral third of the MOE compared to intermediate
and medial segments (n = 116 ORNs from 13 acute slices of the
MOE). The blue ovals indicate somata of forskolin-responsive cells
(50 M) of the same slice preparation. Significantly more forskolin-
responsive cells were located in the medial and intermediate third of
the MOE compared to its lateral third (n = 600 ORNs from 14 acute
slices of the olfactory epithelium). Statistical analysis was performed
using a f test; *p < 0.05, **p < 0.01; error bars show SEM. b Acute
slice preparation of the MOE stained with Fluo-4 (image acquired
at rest). Field of view does not cover the whole MOE. The colored
ovals indicate somata of individual ORNSs that responded to the mix-

where not a single amino acid-responsive glomerulus was
observed in the medial cluster (Fig. 1d), pointing to further
sorting-out within the olfactory nerve connecting MOE and
olfactory bulb.

Cells responding to the mixture of alcohols, aldehydes,
and ketones appeared to exhibit a preferentially medial loca-
tion, while responses to bile acids as well as amines seemed
more evenly distributed through all regions of the olfactory
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ture of alcohols, aldehydes, and ketones (yellow), amines (green), bile
acids (magenta), amino acids (red) or to forskolin (blue). All odorants
were applied at a final concentration of 200 wM, forskolin at a final
concentration of 50 WM. ¢ Time courses of [Ca’"] ; transients of four
responsive ORNs of this slice. d Out of 340 ORNs tested (n = 17
acute slices), 314 responded to only one odorant group whereas 23
responded to two odorant groups and three to three odorant groups
(upper left panel). The exact odorant profile of multiresponsive cells
is shown in the upper right panel. The histogram in the lower left-
hand panel gives the frequencies of correlated responses to the tested
odorant groups. The lower right-hand panel gives the correlation
of odorant- and forskolin-sensitivity of individual ORNs. L lateral,
M medial, AA amino acids, AL alcohols, ketones, and aldehydes,
AM mixture of amines, BA mixture of bile acids, FO forskolin,
control application of bath solution

epithelium (data not shown). However, due to low cell num-
bers, quantification was not reliably possible in these cases.
We have therefore chosen to analyze the spatial distribu-
tion of cells responding to forskolin, as a summary measure
for neurons transducing odor signals via cAMP. From our
olfactory bulb responses (see Fig. 1) and from comparison
with other species, these may be expected to include three
of the four odor groups tested here, amines, bile acids, and
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alcohols, aldehydes, ketones [12, 39, 40]. Amino acids are
expected to mostly signal via a cAMP-independent mecha-
nism [12, 41]; but see [11].

We found forskolin-responsive cells to be moderately
depleted in the lateral segment, with no difference between
intermediate and medial segments (Fig. 3a). Thus, the for-
skolin response was inversely distributed to the amino acid
response. In terms of absolute numbers of cells counted, the
lateral depletion of forskolin is very similar to the lateral
enrichment of amino acid-responsive cells, consistent with
the notion that these two pathways are strictly segregated
and may amount to most or all of olfactory signaling in the
MOE.

The analysis of traces originating from individual cells
confirms this prediction of exclusivity between amino acid
response and forskolin response (Fig. 3c, d). Virtually all
amino acid-sensitive ORNs did not respond to forskolin and
virtually all ORNs responsive to the mixture of alcohols,
aldehydes, and ketones were sensitive to forskolin (Fig. 3d,
bottom right panel). Interestingly, while the large majority
of bile acid- and amine-responsive cells were activated by
forskolin, about one-fourth were not, suggesting that bile
acid- as well as amine-responsive cell groups are not homo-
geneous, but contain cells signaling via cAMP as well as via
a cAMP-independent pathway. This heterogeneity of bile
acid- and amine-responsive receptor neurons may explain
their broader spatial distribution and less narrow chemical
tuning compared to the two other groups.

The lateral sensory surface contains microvillous neurons
that express Go; and Ga,,, whereas the medial region
contains ciliated neurons that express Got ;s

In the mammalian olfactory system, two main signal trans-
duction pathways are known. One is the so-called canonical
pathway, which uses Gao,; and cAMP, and is found in cili-
ated receptor neurons; the other uses Ga; or Go,, and is found
in microvillous neurons [2]. Our results with forskolin,
detailed above, suggest that the medial subsystem, which is
responsive to alcohols, aldehydes, and ketones, signals via
cAMP and therefore might be in ciliated receptor neurons,
whereas the amino acid-responsive lateral subsystem may
be expected to reside in microvillous receptor neurons. To
test these hypotheses, we have analyzed the spatial distribu-
tion of G proteins both in the olfactory epithelium and the
olfactory bulb, alone and in combination with markers for
cilia and microvilli (Figs. 4, 5). The latter was necessary,
because in larval X. laevis the processes of microvillous and
ciliated receptor neurons are not much different in length
and can therefore not be distinguished unequivocally by
morphology (data not shown; see also [42]).

For immunohistochemical localization, we employed
antibodies against Goy, Ga,, and Go,, Whose specificity
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was confirmed in Western blots of olfactory bulb and olfac-
tory organ (Fig. 5). All three antibodies stain the apical sur-
face, i.e., the apical endings of ORNs, as well as axons in
the olfactory nerve and olfactory bulb (Fig. 5a, d and g), but
not the cell somata.

Guoy-like and Go,-like immunoreactivity showed a graded
distribution, decreasing from the lateral to medial area of
the MOE (Fig. 5a, c, d, f). A drastically different distribu-
tion was observed for Go,-like immunoreactivity, which
was strongly enriched in the medial and intermediate part
of the MOE, but very minor in the lateral part (Fig. 5g, 1).
The distributions in the olfactory bulb are even more sharply
delineated, with Go; and Go, nearly exclusively restricted
to the lateral glomerular cluster (and the AOB), and Got
restricted to glomeruli of the medial and intermediate glo-
merular cluster (Fig. 5a, d, g; bottom panels). A similar seg-
regation is already seen in the olfactory nerve layer of the
olfactory bulb, with the Ga; and Go, containing fibers pref-
erentially located in the lateral part and the Ga,, contain-
ing fibers preferentially located in the medial part (Fig. Sa,
d, g; bottom panels). Thus, considerable sorting out occurs
en route to the olfactory bulb, consistent with the sorting
out seen for amino acid-responsive and forskolin-responsive
neurons (Figs. 1, 2, 3). These data suggest that the lateral
stream signals via Go; and Go,, and the medial stream may
signal via Go.

To establish the cell types expressing the respective G
proteins, we used phalloidin, a marker for f-actin that is
abundant in microvilli [43] and antibodies against tubulin as
a ciliary marker [44]. Both markers label the whole sensory
as well as non-sensory epithelium (Fig. 4), due to the pres-
ence of microvilli and cilia also in supporting and non-sen-
sory cells [42]. Double-labeling experiments with G protein
antibodies revealed that both Go;-like and Go,,-like immu-
noreactivity are restricted to the apical endings of microvil-
lous ORNGs (Fig. 5a, d, upper panel), whereas Ga,;.-labeled
structures could be identified as cilia of ORNs (Fig. 5g,
upper panel).

Our data suggest the medial olfactory stream to be com-
posed of ciliated receptor neurons and the lateral stream to
consist of microvillous receptor neurons.

Microvillous and ciliated receptor neuron populations
are expected to express different receptor families. As a first
step in linking such molecular features to the two streams,
we cloned 12 genes from the four olfactory receptor gene
families of X. laevis and investigated their spatial distribu-
tion within the olfactory epithelium by in situ hybridization.

Sparse expression patterns of or class I, or class II, vir and
taar genes in the larval MOE

We performed in situ hybridizations with members of or
class I and II, vIr, v2r, and taar olfactory receptor gene
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Fig. 4 Tubulin and actin
identify cilia and microvilli,
respectively. a Antibodies
against tubulin and a marker of
f-actin (phalloidin) both labeled
structures in the whole MOE
and in the adjacent non-sensory
epithelium (NSE; tubulin, left-
hand panel;, f-actin, right-hand
panel). b Higher magnifications
of the apical MOE show cilia
labeled with antibodies against
tubulin (left-hand panel), micro-
villi labeled with phalloidin
(middle panel), and a double-
labeled MOE (right-hand
panel). ¢ ORNs and their pro-
cesses were visualized by nerve
backfills with biocytin and
double labeled with antibodies
against tubulin (left panel, cili-
ated neuron, the arrow points
to cilia), and phalloidin (middle
and right panels, microvillous
neurons, arrows point to olfac-
tory knobs). Another backfilled
neuron with somewhat longer
processes (asterisk) was not
labeled by phalloidin, i.e., it is a
ciliated neuron

families, using RNA probes for a total of 12 different genes.
We show that taarl was not expressed in the sensory surface
(Fig. 6j), and thus may have a non-olfactory role in Xenopus,
as has been reported for mammalian and fish orthologs of
taarl [45, 46].

The v2r probe was chosen for its extensive crossreactiv-
ity with many closely related v2r genes. The probe covers a
highly conserved region of the v2r gene and a MSA (Mul-
tiple Sequence Alignment) search in the X. tropicalis V2R
repertoire finds 75 family members with sequence identity
94 % and above (data not shown). This probe labels a dense
population of cells in the VNO (Fig. 61), presumably due
to extended cross-reactivity. However, expression is nearly
absent from the MOE, and only occasionally a labeled cell
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was observed (data not shown, see also [15], well below the
expression frequency observed for single receptor genes
of about 1-2 cells/section. Due to this near absence in the
MOE, genes detected by this probe are not candidates for
mediating odor responses in the MOE. In contrast, all vir,
class I and II or genes and one faar gene examined were
absent from the VNO and found exclusively within the
MOE (Fig. 6), exhibiting sparse expression patterns charac-
teristic of individual olfactory receptor genes [47] and simi-
lar to adult, post-metamorphic expression patterns, which
have been reported for some of these genes [16, 27, 29].
For or and taar genes, an expression in the MOE is
expected, as both fish and mammals show this pattern. The
MOE-specific VIR expression parallels the situation in
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Fig.5 G-protein immunohistochemistry in the main olfactory epi-
thelium and the main olfactory bulb. Antibodies against Go; (a) and
Ga, (d) preferentially labeled apical structures of ORNs located in
the lateral and intermediate part of the MOE (middle row) and axon
bundles of the olfactory nerve and glomeruli of the lateral and inter-
mediate glomerular clusters of the MOB, as well as glomeruli in the
AOB (lower row). Dotted lines indicate the approximate borders and
subdivisions of MOE and olfactory bulb. Ga; and Ga,, immunoreac-
tivity was localized in apical endings of phalloidin-positive (arrows)
and tubulin-negative microvillous olfactory receptor neurons (upper
row). Go,, (g) immunoreactivity showed a complementary distribu-
tion, preferentially localized in ORNs and glomeruli of the medial
and intermediate regions of MOE and MOB (middle and lower row,
respectively). Goyy in apical endings of ORNs co-localized with
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the ciliary marker tubulin, but not with f-actin (upper row, arrows).
Western-blot analysis of Ga; (b), Go, (e) and Gogy, (h) antibodies
using tissue samples of olfactory organ and olfactory bulb of larval
Xenopus laevis (a stages 43-45, b 52-54, and ¢ 6466, respectively).
Arrows indicate bands corresponding to the predicted molecular
weights of Go; and Ga,, (~40 kDa) and Goy, (~44 kDa). The Go;
antibody is highly specific, whereas Ga,, and Ga, antibodies show
minor crossreactivity to other proteins. Quantification of fluorescence
intensity of G protein labeling for Go; (¢ n = 9 MOEs), Gao (fn =7
MOEs) and Goygy (i n = 5 MOEs). Ga; and Gao are enriched lat-
erally, whereas Go;, shows clear depletion in the lateral segment.
Significance was evaluated by  test (*p < 0.05, **p < 0.01; error bars
show SEM). A anterior, P posterior, L lateral, M medial, OO olfactory
organ, OB olfactory bulb
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teleost fish, but not in mammals, which express v/r genes
generally in the VNO, with few exceptions [48-50]. Thus,
the amphibian VNO appears to represent a transition state,
morphologically clearly a distinct organ like the mammalian
one, but molecularly in an intermediate stage compared to
the mammalian VNO.

Spatial distribution of several or genes parallels
that of the medial odor processing stream

To compare the spatial expression patterns of olfactory
receptor genes in the MOE with the previously identified
lateral and medial odor processing streams, we quantified
the expression frequency for ten different genes by in situ
hybridization, applying the previously used subdivision into
medial, intermediate, and lateral regions (Fig. 7). About 100
tissue sections were evaluated per gene, resulting in counts
of over 100-200 labeled cells per gene. These experiments
showed clear and highly significant differences in the spatial
distribution of individual olfactory receptor genes.

Notable was a group of genes showing strong and sig-
nificant depletion in the lateral third of the MOE (p < 0.01,
Fig. 7). This group encompasses all three class II or genes
examined and one of the class I or genes. Another class I or
gene shows the same tendency, which, however, does not
reach significance. This expression pattern is very similar to
the spatial patterns observed for the medial odor processing
stream described above, consistent with class II and at least
some class I ORs underlying the odor responses associated
with the medial stream.

At least one class I or and one vIr gene are distributed
rather evenly between the three subdivisions of the MOE.
Such expression patterns could be part of either the lateral or
the medial stream, due to the broad and partly overlapping
nature of both streams, and therefore no tentative assign-
ment to either of these streams is possible. Interestingly,
another v/r gene, vIr6, shows a distribution not encoun-
tered for any of the odor responses and G proteins exam-
ined, namely a pronounced depletion in the intermediate
region, highly significant in comparison to both the lateral
and the medial region. The third vir gene, viri 1, exhibits a
similar pattern, which however, only reaches significance in
the intermediate-to-medial comparison.

The spatial distribution of the taar gene parallels that of the
lateral odor processing stream

Somewhat unexpectedly, the faar gene investigated showed
a very pronounced lateral enrichment (Fig. 7), very similar
to the spatial distribution of amino acid responses (Fig. 3).
Thus, the faar gene might be a candidate for mediating
amino acid responses. However, the faar gene family in
Xenopus comprises just three genes [46], one of which is not
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expressed in the olfactory system (Fig. 6j), which is much
less than expected judging from the frequency and diversity
of reported amino acid responses [28].

Since a fish V2R has been shown to bind amino acids
[51, 52], this large family appeared to be a good candidate
for additional receptors with a lateral enrichment.

However, the V2R subclade examined here using a
broadly cross-reactive probe very rarely shows any expres-
sion in the MOE (data not shown). Furthermore, expression
patterns for several genes from other V2R subclades also do
not parallel the amino acid response pattern (A.S., S.L.K,,
unpublished observation).

Taken together, the medial olfactory stream is character-
ized by expression of class II or and at least some class I or
genes in ciliated ORNS that are activated by, among others,
alcohols, aldehydes and ketones and signal via Goyy
(Fig. 8, blue hues). The lateral olfactory stream responds,
among others, to amino acids, and signals via Go; and Ga,
(Fig. 8, red hues). Its olfactory receptors could include raar
genes. Interestingly, neuronal responses to bile acids and
amines may be carried by both streams (Fig. 8, green hues).

Discussion

The building principles structuring the olfactory sense of
teleost fishes are very different from that of terrestrial mam-
mals. Spatial segregation into different olfactory subsystems
and distinct segregation even within such subsystems are a
hallmark of mammals [2], whereas a single sensory surface
with little segregation is observed in the olfactory system
of teleost fishes [53]. It is not known how this major reor-
ganization of the olfactory system took place during evo-
lution of terrestrial vertebrates. The presence of an acces-
sory olfactory system in lungfish [5, 6], a close relative of
tetrapods, might indicate that this structure arose early in
the evolution of lobe-finned fishes. However, the vomerona-
sal primordia of lungfish are morphologically very different
from the VNO of mammals and may well have arisen as
lineage-specific specializations. The pronounced topogra-
phy of the projection from MOE to olfactory bulb observed
in some cartilaginous fish [54] appears to be an example of
such lineage-specific specialization, since neither mammals
nor teleost fish exhibit this feature.

Here we have examined the olfactory system of the
amphibian X. laevis, an early diverging tetrapod. We focused
this analysis on the larval olfactory system, since adults have
undergone complex restructuring during metamorphosis,
making them less suitable for comparison to the mamma-
lian (and teleost) olfactory system. Furthermore, Xenopus
larvae are fully aquatic, allowing the comparison of aquatic
with terrestrial tetrapods. Their olfactory epithelium shows
clear morphological separation into two subsystems, the
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MOE and the VNO [42, 55], but the MOE still appears tobe  functional parameters within the MOE and olfactory bulb of
much more heterogeneous than the MOE of mammals [15,  X. laevis to establish the degree of segregation in this olfac-
27]. We have quantitatively analyzed several molecular and  tory subsystem.
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« Fig. 6 Spatial expression patterns of olfactory receptor genes from

the different families. Twelve genes from four olfactory receptor
families were cloned by PCR using either the published Xenopus
laevis sequence information for the primer or degenerated primer
based on the Xenopus tropicalis sequence. The clones were con-
firmed by sequencing and riboprobes were prepared. In situ hybridi-
zation (a-l) was performed under stringent conditions, using cryostat
sections of larval Xenopus nose tissue, which encompassed both
the MOE and the VNO. Insets show enlargements of cells marked
by arrow. Class I or genes (a xrl16, b xb242, ¢ or52d1); class 1l or
genes (d xb180, e xbl77, f xgenl47); vir genes (g virl0, h viril,
i vIr6); taar genes (j taarl, k taarda); 1 v2r gene xv2r E-1. Results
for xr116 and xgenl47 are consistent with in situ hybridization results
obtained by Mezler and coworkers [16] for similar larval stages, and
the result for xv2r E-1 is consistent with reports by Hagino-Yamagi-
shi and coworkers [15]

Incomplete segregation of the vomeronasal system
from the main sensory system

Most amphibian species, including Xenopus, have both a
MOE and a VNO [42, 56]. We have used a broadly crossre-
active probe hybridizing with at least 75 different v2r genes
and find nearly exclusive expression in the VNO. The occa-
sional labeled cells in the MOE most likely represent fuzzy
targeting of these v2r genes since the frequency of MOE
expression is well below that of other individual receptor
genes. The expression pattern we observed is similar to the
one observed for some v2r genes in larval and adult X. laevis
[15]. We estimate that our probe samples roughly one-
fifth of the Xenopus V2R repertoire [57]. Several other v2r
genes we have examined show VNO-specific expression
as well (A.S. and S.I.K., unpublished observation). In con-
trast, we found the vIr-like receptor genes to be expressed
exclusively in the MOE, like their teleost counterparts (ora
genes, [58]), and unlike the mammalian v/r genes, which
are mostly restricted to the VNO ([2], for exceptions see
[48, 49]). This expression is retained during the complex
morphological reorganization taking place during metamor-
phosis (cf. [27]).

Taken together, the vomeronasal system appears to have
originated as a segregated system for V2R-expressing neu-
rons only. This opens the fascinating possibility that some
time after the divergence of amphibians from the tetrapod
lineage VIR-expressing neurons may have been repro-
grammed for targeting the VNO.

G proteins in the MOB define the medial
and lateral streams

Anatomically, three large and one small ventromedial glo-
merular cluster can be distinguished in the larval X. laevis
olfactory bulb [18, 59]. Such glomerular clusters also have
been described in other lower vertebrates (see [12, 60-62]).
We have shown that the lateral and medial cluster are distin-
guished by their exclusive and complementary expression
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of G proteins, non-overlapping afferent pattern at extreme
lateral and medial positions, as well as exclusive and com-
plementary responses to two odor groups, amino acids and
alcohols, aldehydes and ketones. The intermediate cluster
appears to be a transition zone, with mixed identity. These
results confirm and extend earlier results by some of the
authors [18].

The sharp segregation of Gogy, and Ga,/Ga, protein
expression into a medial and a lateral half of the MOB shows
that these G proteins demarcate the medial and the lateral
olfactory stream, respectively. The co-expression of Goiy,
with tubulin, a marker of ciliated neurons, shows the medial
stream to be composed of ciliated ORNs. Correspondingly,
the co-expression of Ga; and Go, with phalloidin, a marker
for f-actin, shows microvillous ORNs as a main component
of the lateral odor processing stream. This is reminiscent of
similar G protein spatial patterns in the lamprey and gold-
fish olfactory system [62, 63], although the segregation is
less strict for the fish olfactory system.

Odor responses to amino acids and alcohols, aldehydes,
and ketones are strictly segregated to the lateral
and the medial stream, respectively

The complete absence of amino acid-responding glomeruli
in the medial olfactory bulb, and the complementary total
absence of alcohol, aldehyde, and ketone-responding glo-
meruli in the lateral olfactory bulb show that there are
clear-cut functional differences between the medial and
lateral olfactory processing stream. It is worth pointing out
that this is not valid for all odor groups, as amines and bile
acids are represented in both streams and indeed we find
both forskolin-sensitive (cAMP-dependent) and forskolin-
insensitive neurons in these two odor groups. Nevertheless,
we can conclude that responses to amino acids in X. laevis
are carried exclusively by microvillous receptor neurons
and that responses to alcohols, ketones, and aldehydes are
carried exclusively by ciliated receptor neurons. For amino
acids, this corresponds to the situation in fishes ([12, 41] but
see [11, 32, 33, 64, 65]) and for alcohols, aldehydes, and
ketones it is very reminiscent of the mammalian situation
[66]. The distribution of amine and bile acid responses to
both streams appears to be less specific than in fish (catfish:
[11]; zebrafish: [33]; goldfish: [32], but see salmon: [67]),
but has some parallels in the mammalian system, where,
e.g., amines have been found to elicit responses both in the
main and the accessory olfactory system [68].

The lateral and medial olfactory streams are partially
segregated already in the sensory surface

We observe Ga,,, the marker of the medial stream to
be strongly depleted, but not absent in the lateral region of

@ Springer



1980

S. Gliem et al.

Fig. 7 Quantification of

lateral-to-medial distribution of Gene ID Lateral Intermed. Medial Total Cell Num.
ten olfactory receptor genes.
a Schematic illustration show- xb180 30 82 100 212
ing the three subdivisions of the xgenld7 55 117 72 244
MOE, lateral, intermediate, and xb177 33 87 93 213
rpedial, respectively. b Cumula- or52d1 29 56 62 147
tive number of cells counted for
each gene in lateral, intermedi- xr116 26 45 51 122
ate, and medial subdivision xb242 47 42 53 142
and total number. or class II virlo 45 78 52 175
genes light grey background, virll 56 52 79 187
Zr class I ge.nes, dark grey viré 68 33 78 179
ackground; vir genes, middle
grey background; taar gene, taarda 71 18 22 111
white background. ¢ Quantita-
tive evaluation of the spatial
distribution for ten genes, same 1 = *ﬂ £ Var*_T‘
color code as in a, lateral (dark
green), intermediate (light £
green) and medial (yellow) parts v 601
of the MOE. Percentage of cells g.. T
in each segment was determined v
for each section, averaged % 401
over sections and shown as %
mean £ SEM. Significance %
was determined by ¢ test and is R 201
denoted by asterisks: *p < 0.05,
**p < 0.01, ¥**p < 0.002, error 0 . .
bars show SEM xb180 xgen‘l‘d'? xbf?? orSde xr116 x.b24'2 vfrfO virl1 virg
[ ORdlassli OR class | VIR | | TAAR |

the MOE, and vice versa we find Go; and Ga,, markers of
the lateral stream, to be depleted in the medial region of the
MOE. The response to amino acids is strongly enriched in
the lateral region, similar to the distribution of Go; and Ga,
immunoreactivity, as expected from the co-localization of
these parameters in the lateral olfactory bulb. While alcohol,
aldehyde, and ketone-responding cells were too sparse to
allow an accurate determination of spatial distribution, we
find the expected medial enrichment of forskolin responses,
which serve as indicator of cAMP-responsive neurons,
i.e., ciliated neurons. Interestingly, the forskolin distribution
is considerably broader than the Ga, distribution. While
we cannot exclude methodological explanations (different
thresholds could explain different steepness of the distribu-
tion), it is also conceivable that some ciliated neurons may
not signal through Ga,, as has been observed for lamprey
[62].

Medial and lateral enrichment factors range between 1.5
and 3-fold, and are thus clearly less pronounced than the
near complete separation we observe for the corresponding
parameters in the olfactory bulb. In other words, an incom-
plete segregation of different functionalities in the olfactory
sensory surface is completed en route to the olfactory bulb
by further sorting out of the axons of the corresponding
receptor neuron subpopulations.
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The medial olfactory stream may be signaling via class II
odorant receptors

The distributions so far discussed presumably result from
a summation over a multitude of different olfactory recep-
tors, and expression patterns of individual receptor genes
might deviate to some extent from the averaged distribu-
tions. However, a receptor distribution mimicking those of
G proteins or odor responses would allow the hypothesis
that such a receptor is expressed in the respective olfactory
stream.

We found all three class II and one class I odorant recep-
tor examined to be strongly depleted in the lateral region
of the MOE, with ratios very similar to that of Go ;. We
conclude that some class II (the so-called mammalian-like)
or genes appear to be expressed in ciliated neurons of the
medial olfactory stream. Further analysis will be required
to see to what extent this is generalizable to all class II or
genes. Class I (so-called fish-like) or genes may be more
heterogeneous as we find already two different spatial
patterns (medial enriched and ubiquitous) in the three genes
analyzed. No candidates for laterally enriched or genes have
been found, but we cannot exclude that other class I or class
IT genes among the large family of or genes might show
such a distribution.
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A

lateral

Fig. 8 Schematic representation of the lateral and medial olfactory
stream in larval Xenopus laevis. a Spatial distributions observed in
the MOE. The lateral stream (red hues) is characterized by amino
acid responses (left panel), taar receptors (middle panel) and Go,/Ga,,
(right panel). The medial stream (blue hues) is represented by
forskolin responses, all or class II and some or class I receptors, and
expression of Gay,. Some receptors (green hues) are homogenously
distributed or show a depletion in the intermediate region (vIr genes).
b Spatial distributions observed in the MOB. The lateral stream (red
hues) is characterized by amino acid responses (left panel), and

A taar gene as candidate for the lateral odor-processing
stream

Our data do suggest taar4a as a receptor gene candidate for
the lateral olfactory stream. This came unexpectedly, since
ligands for mammalian faar genes are believed to be mainly
amines [45], which exhibit major biochemical differences to
amino acids. In this context, it will be interesting to search for
ligands of the Xenopus taar genes. Furthermore, responses
to amino acids are much more frequent than that to the other
three odor groups examined, and also very diverse [28], argu-
ing for a sizable group of receptors dedicated to their detec-
tion, and not just two genes (of the three faar genes present
in Xenopus, taarl is not expressed in the olfactory system).
The v2r gene family would appear to contain plausible
candidates, since it contains over 300 genes in Xenopus
[57], and one v2r receptor has been shown to be an amino
acid receptor in two fish species [51, 52]. However, our
probe, crossreacting with at least 75 different V2Rs and rep-
resenting the largest subclade of the Xenopus V2R family
[57], shows nearly exclusive expression in the VNO, con-
sistent with findings by Hagino-Yamagishi and coworkers
[15]. The occasional labeled cells in the MOE observed
by us as well as others [15] are too rare to explain a major
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expression of Go,/Ga,, (right panel). The medial stream (blue hues)
is represented by responses to alcohols, ketones, aldehydes and for-
skolin, and expression of Ga,y,. Responses to other odors (bile acids,
amines, green hues) are rather homogenously distributed. ON olfac-
tory nerve, VIR vomeronasal receptor genes of type 1, V2R vome-
ronasal receptor genes of type 2, OR I odorant receptor genes class
I, OR II odorant receptor genes class II, TAAR trace amine-associ-
ated receptors, AA mixture of amino acids, AL mixture of alcohols,
ketones and aldehydes, AM mixture of amines, BA mixture of bile
acids, FO forskolin

reactivity of this tissue. Furthermore, expression patterns for
several genes from other V2R subclades also do not parallel
the amino acid response pattern (A.S., S.I.LK., unpublished
observation). However, a truly comprehensive analysis of
olfactory receptor families each comprising several hundred
genes (Xenopus or, v2r genes, see [57, 69, 70]) is not fea-
sible, and so the molecular nature of at least the majority
of amino acid receptors remains an open question for now.

The fourth olfactory receptor gene family, vir genes
appear to be unlikely candidates for generating the com-
plete lateral stream, as this rather small population of about
two dozen receptors [57, 58] does not appear large enough.
Moreover, the three representatives examined here show
no lateral enrichment, but in two cases a near homogene-
ous distribution, and in one case a new pattern, a depletion
restricted to the intermediate segment.

Xenopus laevis shows absence of correlation between
aquatic life style and spatial segregation tendency

The present study revealed the existence of two distinct
olfactory subsystems within the main olfactory system of
larval X. laevis. A lateral and a medial odor-processing
stream show clearly diverging odorant sensitivities, distinct
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transduction mechanisms with differing G proteins, recep-
tor neurons with different morphology (microvillous vs. cil-
iated), as well as differences in the expression frequencies
of olfactory receptor genes, notwithstanding the absence
of lateralization for some odor responses and receptors.
These lateral and medial processing streams should not be
confused with the segregation of the adult olfactory epi-
thelium into a lateral and a medial diverticulum, which
express class I and class II olfactory receptors, respectively
[29]. During metamorphosis, complex reorganizations take
place, and while the medial enrichment of larval or class 11
receptors is reminiscent of their expression in the medial
diverticulum (also named principal cavity, or air nose) in
the adult, the ubiquitous or medially enriched distribution
of larval or class I receptors is clearly different from their
restricted expression in the adult lateral diverticulum (other
names are middle cavity, water nose). The presence of a
vomeronasal epithelium in the adult medial diverticulum
(posterolateral area of the principal cavity; see [71]) also
has no parallel in the larval olfactory system [15].

Since the transition from aqueous to airborne olfaction
has not yet occurred for the fully aquatic tadpoles of
X. laevis, the distinct, if limited, tendency to spatial seg-
regation appears unrelated to this transition and indeed
may be an inherent characteristic of evolution in the lobe-
finned fish lineage, cf. [5, 6]. In the ray-finned lineage
there exist very few data concerning spatial segregation
in the epithelium, but expression of or genes shows radi-
ally symmetric domains [53] unlike the left/right asymme-
try observed here. Backtracing from small regions of the
zebrafish olfactory bulb results in widespread labeled cells
in the olfactory epithelium [72], unlike the more restricted
distributions of backtraced neurons observed here. In con-
clusion, the olfactory system of X. laevis shows distinct,
but incomplete segregation in the main olfactory system
and thus appears well suited to investigate the molecular
driving forces behind such olfactory regionalization.
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2.2 LATIMERIA chalumnae (COELACANTH)

2.2.1 CHARACTERIZATION of TWO CHEMOSENSORY RECEPTOR
FAMILIES

This section deals with the original research article published in the journal BioMed
Central Genomics (Vol. 15, No. 650, published online on August, 2014). Supplementary
data associated with this article can be found in the CD attached.
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Abstract

Background: Chemical senses are one of the foremost means by which organisms make sense of their
environment, among them the olfactory and gustatory sense of vertebrates and arthropods. Both senses use large
repertoires of receptors to achieve perception of complex chemosensory stimuli. High evolutionary dynamics of
some olfactory and gustatory receptor gene families result in considerable variance of chemosensory perception
between species. Interestingly, both ora/v1r genes and the closely related t2r genes constitute small and rather
conserved families in teleost fish, but show rapid evolution and large species differences in tetrapods. To
understand this transition, chemosensory gene repertoires of earlier diverging members of the tetrapod lineage, i.e.
lobe-finned fish such as Latimeria would be of high interest.

Results: We report here the complete T2R repertoire of Latimeria chalumnae, using thorough data mining and
extensive phylogenetic analysis. Eighty t2r genes were identified, by far the largest family reported for any species
so far. The genomic neighborhood of t2r genes is enriched in repeat elements, which may have facilitated the
extensive gene duplication events resulting in such a large family. Examination of non-synonymous vs. synonymous
substitution rates (dN/dS) suggests pronounced positive Darwinian selection in Latimeria T2Rs, conceivably ensuring
efficient neo-functionalization of newly born t2r genes. Notably, both traits, positive selection and enrichment of
repeat elements in the genomic neighborhood, are absent in the twenty vir genes of Latimeria. Sequence
divergence in Latimeria T2Rs and V1Rs is high, reminescent of the corresponding teleost families. Some conserved
sequence motifs of Latimeria T2Rs and V1Rs are shared with the respective teleost but not tetrapod genes,
consistent with a potential role of such motifs in detection of aquatic chemosensory stimuli.

Conclusions: The singularly large T2R repertoire of Latimeria may have been generated by facilitating local gene
duplication via increased density of repeat elements, and efficient neofunctionalization via positive Darwinian selection.
The high evolutionary dynamics of tetrapod t2r gene families precedes the emergence of tetrapods, i.e. the
water-to-land transition, and thus constitutes a basal feature of the lobe-finned lineage of vertebrates.

Keywords: Coelacanth, Bitter taste, Pheromone, Phylogeny, Sarcopterygian, Evolution

Background

Chemosensation is an ancient sense, its origins going
all the way back to unicellular organisms. In vertebrates
and arthropods, two specialized senses have evolved. The
olfactory sense serves a host of essential functions, among
them search for food or prey, predator evasion, mate
choice and reproduction, kin recognition and signalling
of social status, whereas the gustatory sense is tasked

* Correspondence: sigrun.korsching@uni-koeln.de
Institute of Genetics, University of Cologne, 50674 Cologne, Germany

( BioMVed Central

with vital decisions about safety and desirability of
food sources. Neuronal representation and the logic of
coding sensory input are very different for vertebrate
taste and smell [1-4]. Olfactory sensory neurons form
one (teleost fish), two (lungfish, amphibians) or several
(mammals) extended sensory epithelia, and directly pro-
ject to the (rostral) brain, whereas small clusters of taste
cells (taste buds) are found distributed across several
nonsensory epithelia (oral cavity, gills, skin for teleost
fish), and their innervating neurons connect to (caudal)
brain stem neurons. Moreover, different receptor families

© 2014 Syed and Korsching; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
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serve olfaction and taste [1-3]. Olfactory receptor genes
are typically expressed in monogenic fashion, whereas co-
expression of receptors shapes the response characteristics
of taste cells [1-3]. All these differences notwithstanding,
closely related families do segregate between these two
senses, gustatory T2Rs vs. olfactory V1Rs, and T1Rs vs.
V2Rs, respectively.

Basic features of olfactory and gustatory representation
appear to be conserved across vertebrates [3-7]. How-
ever, the high evolutionary dynamics of olfactory and
gustatory receptor gene families allows for considerable
variance in neuronal representation of chemosensory sig-
nals between species [8]. In particular, the relative import-
ance of different chemosensory receptor gene families
appears to have changed drastically between tetrapods and
teleosts [9-12]. Teleost fish species possess only very small
t2r gene families, whereas a much larger variability has
been observed in tetrapods, with up to 50 genes in an am-
phibian species [11]. Even more strikingly, the V1R-related
ora gene repertoires of teleosts consist of the same six
genes, with an occasional gene loss [10], whereas mamma-
lian vIr gene repertoires are highly species-specific [13].

It has been proposed that chemosensory receptor fam-
ily sizes adapt to the particular ecological environment
of each species. Mammalian T2Rs and at least one fish
T2R signal bitter taste [2,14], and bitter substances often
occur as chemical defense mechanism of plants. Accord-
ingly it has been suggested that the size of the T2R reper-
toire is larger in herbivorous than in carnivorous species
[15]. Mammalian V1Rs are assumed to detect volatile
pheromones [16], which could be related to the larger size
and higher species specificity of mammalian VIR families.
In contrast, the homologous ORA family of fishes is
expected to detect hydrophilic substances, which may
serve a different biological function. To examine such
hypotheses it would be useful to establish the corre-
sponding receptor repertoires of aquatic species from
the tetrapod lineage.

Teleosts belong to the ray-finned lineage of verte-
brates, whereas mammals and other tetrapods belong to
the lobe-finned lineage, which also includes fish like coela-
canths of the genus Latimeria and lungfish as very early
diverging representatives [17]. One might expect the vir
and t2r gene repertoires of lobe-finned fishes to resemble
those of ray-finned fishes more that those of land-living
tetrapods. Alternatively, the higher evolutionary dynamics
observed for tetrapods could be a common feature of the
lobe-finned lineage of vertebrates. Recently, the genome of
the coelacanth Latimeria chalumnae has been published
[18], but initial gene searches have resulted in highly
contradictory results, showing either a teleost-like small
T2R repertoire of only 5 genes [15] or a large amphibian-
like repertoire of 58 genes [19]. The VIR family size has
alternatively been given as 15 or 20 genes [19,20]. To
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clarify these discrepancies, we performed a thorough
bioinformatic analysis of the Latimeria chalumnae gen-
ome to delineate and characterize the t2r and vIr gene
repertoires in this species.

We report here that Latimeria possess an unequaled
large t2r gene repertoire of eighty genes that exhibit strong
evidence for positive Darwinian selection, and whose
genomic neighborhood shows increased density of repeat
elements. Both these features are absent in the closely re-
lated Latimeria V1Rs, which nevertheless show much less
negative selective pressure than their teleost counterparts.
Together, these findings indicate that high evolutionary
dynamics of t2r and vIr gene families are not linked to
the loss of aquatic life style in tetrapods, but appear to
be an ancient evolutionary characteristic of the lobe-finned
lineage.

Results

To delineate the Latimeria £2r and vIr gene repertoires
we performed a recursive search of the preliminary draft
of the Latimeria chalumnae genome [18] provided by
the Broad Institute [21], using representative T2R and
V1R/ORA protein sequences from mouse, frog (Xenopus
tropicalis) and zebrafish as initial queries. No additional
candidates were found searching an independently se-
quenced Latimeria genome [20]. Candidate genes were
evaluated by phylogenetic analysis, using a maximum-
likelihood method, PhyMI-aLRT [22]. Published T2R
and VIR/ORA sequences from lamprey (Petromyzon
marinus), five teleost fish species, frog, and mouse were
used as reference. Since £2r genes constitute the closest
neighbors of vir/ora genes, each group served as strin-
gent outgroup for the other one. In initial analyses add-
itional outgroups were used to delineate the combined
VIR + T2R group of genes from other rhodopsin-like
GPCRs, with very similar results.

We observe a clear-cut segregation with very high branch
support between a monophyletic T2R and a monophyletic
V1R/ORA group (Figure 1). This allows to unambiguously
assign candidate genes to the respective family.

An unprecedentedly large T2R repertoire results from

extensive gene duplications of a single ancestral t2r gene
Eighty £2r genes were identified in the Latimeria genome
(Figures 1 and 2, Additional file 1 and Additional file 2),
by far the largest repertoire found in any species so far,
nearly double the size of the largest previously reported
repertoire, Xenopus tropicalis (49 genes, [11]). Seventyfive
of these Latimeria t2r genes have been missed in a recent
multi-species study [15], possibly because validation
criteria used there have eliminated many bona fide t2r
genes. Twentytwo of Latimeria t2r genes have been
missed in a recent multi-family study [19] that seems
to have investigated only previously predicted genes,
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V1R/ORA T2R

Frog
= Mouse

= Teleosts
= | amprey
= | atimeria chalumnae

Figure 1 Monophyletic origin of the T2R and the V1R/ORA receptor family. The phylogenetic tree was generated using a maximum
likelihood method (PhyML-aLRT) with SPR setting for tree optimization and chi square-based aLRT for branch support (given as percentage).
Branches are color-coded for the respective species (Latimeria chalumnae, purple; mouse, dark green; Xenopus tropicalis, light green; lamprey, blue;
5 teleost fish species [zebrafish, stickleback, medaka, fugu, tetraodon], red). t2r of all species form a single subclade, as do all vir genes. Grey filled
circles indicate clades analysed for evidence of positive selection, see Figure 5. Gene sequences for Xenopus tropicalis and teleosts were taken
from [11] for T2Rs and [10] for VIR/ORAs.

which in our experience [10,12,23,24] does not result  stickleback T2R3, puffer T2R1, and fugu T2R1 are direct
in complete coverage of a chemosensory family. Our orthologs of Lc_T2R01 (100% branch support, Figure 2).
approach is comprehensive and does not rely on any  As such, Lc_T2R01 represents the first available evidence
prior annotation whatsoever, as our inclusion criterion  for a common origin of individual teleost and tetrapod ¢2r
is based solely on phylogenetic position of candidate genes. In total, Latimeria chalumnae appears to possess
genes, see Methods. Six of the 80 genes we report three ancestral genes (Figure 2), two of which were subject
contain up to 2 stop codons and may either represent to species-specific gene expansions. The extent of one
pseudogenes or databank inaccuracies. 74 genes have of these gene duplications is unparalleled in any species
been validated as full length, and all 80 genes contain  investigated so far, but nevertheless places the Latimeria
the expected motifs (see also Methods, and below). T2R family in the vicinity of tetrapod T2R repertoires, and
The vast majority of Latimeria t2r genes (Lc_T2R05 to  far away from teleost T2R repertoires, which only com-
Lc_T2R80) appear to result from a single ancestral gene  prise 3—6 genes [11].
via extensive gene duplications (Figure 2). Another an-
cestral gene only went through 2 duplication events, The Latimeria V1R family possesses close orthologs/
resulting in Lc_T2R02 to Lc_T2R04, and no gene dupli- paralogs of all six teleost ora genes, but also exhibits
cation was observed for Lc_T2RO01, the third ancestral several gene expansions characteristic of tetrapod V1R
Latimeria t2r gene. We would like to point out that repertoires
Lc_T2R01 is also the only Latimeria t2r gene with  Twenty ora-related vIr genes were identified in the Lati-
any ortholog in other species. Three teleost t2r genes, meria genome (Figures 1 and 3, Additional files 1 and 2),
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Figure 2 Three ancestral genes and a single large expansion in
the Latimeria T2R family. Eighty T2R receptors of Latimeria were
compared with T2R receptors of mouse, Xenopus tropicalis, and 5
teleost fishes (species and color code as given for Figure 1). The
phylogenetic tree was generated as described for Figure 1; branch
support is given as percentage. Asterisks, potential pseudogenes, see
Methods for details. For accession numbers and genomic location of
Latimeria genes see Additional file 1. Three ancestral genes are

indicated by open circles at the respective nodes.

consistent with results of a recent phylogenetic study
using data from an independent genome sequencing
approach [20]. We expect this number to be very close
to final, even though the genome assembly is still in
draft stage [18], since the genome has been sequenced
with high coverage (61 fold, [18]), and our gene identifica-
tion approach is not sensitive to assembly quality. Phylo-
genetic analysis shows nine ancestral genes (Figure 3), six
of which are shared with teleost fish (Lc_V1R01-06), and
indeed three of these genes (Lc_V1R02, 03, 06) constitute
direct one-to-one orthologs of the corresponding teleost
ora genes, e.g. Lc_VIR02 is ortholog to ORA2 and so
forth. The remaining 3 ancestral nodes are all located
within the ORA1/ORA2 subclade, and exhibit varying de-
grees of gene expansion, similar to observations for later-
derived species in the lobe-finned lineage such as frogs
and mammals, ¢f. [25]. A small group of three Latimeria
vir genes (Lc_VIR08 to Lc_VIR10) emerges as sister
clade to the main gene expansion in frog, whereas a larger
group of 9 Latimeria vIr genes (Lc_V1R11 to Lc_V1R19)
is more closely related to the (single) mammalian subclade
of vir genes (Figure 3, cf. [10]). These two gene expan-
sions appear to have occurred independently within the
Latimeria lineage, ie. after divergence from the most
recent common ancestor (MRCA) shared with tetrapods.
Taken together, the Latimeria VIR repertoire shows the
divergence characteristic of teleost ORA families and the
gene expansion characteristic for tetrapod VIR families.

Motif analysis validates the phylogenetic assignment of
Latimeria v1r and t2r genes and shows considerable
species-specific conservation

T2R sequence identities can exceed 90% in pairwise
comparisons, and the same holds true for pairwise
comparisons of VIR sequences (cf. Additional file 1),
consistent with an origin of such genes by recent gene
duplications. However, overall both gene families are
highly heterogenous, with frequent identity values be-
tween 40 to 50% and minimal identities down to 23%
for T2R, and 19% for VIR sequences (Additional file 1). It
therefore appeared instructive to analyse the evolution of
conserved sequence motifs of T2R and V1R families in the
tetrapod lineage, and to compare it to the teleost lineage.
To the best of our knowledge such motif analysis
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Figure 3 Teleost/tetrapod hybrid characteristics of the
Latimeria V1R family. Twenty V1R receptors of Latimeria were
compared with VIR and V1R-related ORA receptors of mouse,
Xenopus tropicalis, lamprey and 5 teleost fishes (species and color
code as given for Figure 1). The phylogenetic tree was generated as
described for Figure 1. Branch support is given as percentage. For
accession numbers and genomic location of Latimeria and lamprey
genes see Additional file 1. Ancestral genes are indicated by open
circles at the respective nodes.

comparing VIR and T2R families has not been performed
in any species so far.

Thus we constructed separate multiple sequence align-
ments for tetrapod T2Rs (mouse and frog), tetrapod
V1Rs (mouse and frog), teleost T2Rs and teleost VIR-
related ORAs, visualized them as sequence logos [26],
and compared them with those of Latimeria V1Rs and
T2Rs (Figure 4, Additional file 1). Over 70 highly and
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moderately conserved amino acids were identified, orga-
nized in motifs of 1 to 3 amino acids, among them some
motifs conserved in several GPCR families, and many
motifs shared between Latimeria V1Rs and T2Rs, as ex-
pected from the close phylogenetic relationship of these
two families (Figure 4). We identified 14 amino acid po-
sitions that are conserved in tetrapod and/or teleost £2r,
but not in vIr genes. All but one show the same specifi-
city in Latimeria. Furthermore, many amino acids are
solely conserved in Latimeria T2Rs (22 amino acids)
and two amino acids are only conserved in Latimeria
VI1R. In one case, the loss of the generally conserved
cysteine in EC1 of Latimeria T2Rs is compensated by a
cysteine in n-8 position, conserved only in Latimeria
T2Rs. Either cysteine may form a disulfide bridge with a
broadly conserved cysteine in EC2. Finally, ten positions
are conserved differentially in T2Rs vs. V1Rs (Figure 4,
Additional file 1). All these observations support the
phylogeny-based assignment of Latimeria t2r and vir
genes (Figure 4, Additional file 1).

Amino acids that are differentially conserved between
T2R and VIR receptors, e.g. Ytor/Cyvir in EC1, and
C..Y1or/S..Qv1r in TM3, may be expected to be relevant
for the functional differences between T2R and VIR re-
ceptors, and would be plausible candidates for a functional
analysis by site-directed mutagenesis in future studies. In
several cases residues conserved in Latimeria T2Rs and/or
V1Rs are only conserved in either the teleost or the
tetrapod lineages, e.g. a Latimeria T2R-specific KI motif
in the IC2 region that is conserved in tetrapod T2Rs,
but not in teleost T2Rs (Figure 4). Examples for motifs
conserved in teleost T2Rs, but not in tetrapod T2Rs in-
clude a central Y in TM6 and in TM7 (Figure 4). Such
pattern of conservation is consistent with Latimeria genes
keeping features of the posited ancestral genes, that were
differentially retained in later-deriving members of the
lobe-finned lineage (tetrapods) and the ray-finned lineage
(teleosts). It remains to be seen, whether residues shared
with teleost, but not with tetrapod V1Rs and T2Rs, might
be specifically relevant for aquatic chemosensation.

Opverall, however, a high degree of divergence is visible
within Latimeria T2Rs and within Latimeria V1Rs. Such
high divergence might be generated by positive Darwin-
ian selection, which has been shown to occur in several
chemosensory receptor gene families [12,27-29]. We
have therefore examined nucleotide substitution ratios
to obtain an estimate for positive selection in Latimeria
t2r and vIr gene families.

Pronounced positive selection in the T2R family
suggested by dN/dS analysis

We compared the rate of nonsynonymous (dN) to
synonymous (silent) nucleotide substitutions (dN/dS)
separately for all codons, to obtain an estimate for the
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Figure 4 Motif analysis for Latimeria T2R and V1R/ORA receptors confirms results of the phylogenetic analysis. Sequence logos for 80
Latimeria T2Rs and 20 Latimeria V1Rs are shown. Letter height indicates the relative frequency with which a particular amino acid appears at that
position. Amino acid conservation above 45% is indicated as follows: Latimeria T2Rs, magenta rectangle; Latimeria V1Rs, yellow rectangle; other
T2Rs, upper black squares (teleost, left; mouse and frog, right); other V1Rs, lower black squares (teleost, left; mouse and frog, right). White squares
and rectangles, no conservation found; asterisk, the same position is differently conserved between Latimeria T2Rs and V1Rs; grey bars,

transmembrane domains.

evolutionary constraints acting on the vIr and ¢2r gene
families of Latimeria. A value below 1 for dN/dS indicates
negative selective pressure, i.e. purifying selection, whereas
values larger than 1 suggest positive selection, i.e. selection
for diversity [30]. dN/dS =1 equals neutral selection. To
avoid distortion of the dN/dS ratio by beginning saturation
of synonymous substitutions [31] the dS values should
not exceed a certain value, differently given as 2 or 3
[32]. We therefore verified that this condition was met
for all Latimeria genes (dS < 0.5) and all genes from spe-
cies we examined for comparative purposes (frog T2R
and VIR frog, dS < 0.6; teleost fish T2R, dS < 0.5; teleost
ORA2 and ORA4, 2.5 and 1.5, respectively). In order to
obtain a stringent measure of positive selection we em-
ploy two different algorithms, single likelihood ancestor
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counting (SLAC) and fixed effects likelihood (FEL) to
estimate dN/dS, and only report sites, for which both
methods give the same prediction with a probability
better than threshold, p < 0.1 (cf. [33].

We observe an impressive number of 28 positively se-
lected sites in the Latimeria t2r genes, and a much smaller
number of negatively selected sites (Figure 5A, Additional
file 1). This is twice the number of positively selected sites
in frog ¢2r genes (Figure 5A), and suggests a high evolu-
tionary dynamic in Latimeria £2r genes, which is unex-
pected, since Latimeria genes generally are evolving
slowly [34]. Many of the positively selected sites even
show p values below 0.01 (Additional file 1). Positively
selected sites are situated in extra- and intracellular
compartments as well as most transmembrane regions
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single likelihood ancestor counting (SLAC) and fixed effects likelihood (FEL) algorithm as implemented on the datamonkey server [62]. A) Number
of positively and negatively selected sites (p < 0.1) for six clades depicted in Figure 1; tel, 7 teleost T2Rs; Lc, 76 Lc_T2Rs; Xt, 49 Xt_T2Rs; 5 ORA2; 5
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positive selection in red, p <0.1). B) Latimeria T2R sequences. Twentyeight codons show evidence for positive selection both with SLAC and FEL
algorithms. C) Teleost T2R sequences. No evidence for positive selection. D) Frog T2R sequences. Fourteen codons show evidence for positive
selection with both algorithms.

(Figure 5B). A small cluster of 4 contiguous positively  loops could either diversify the interaction with signal-
selected sites occurs in the third intracellular loop, and  ling molecules or indirectly influence the positions of
another accumulation of four sites is observed in the the transmembrane regions, which are believed to con-
preceding intracellular loop. A high variability in these stitute the binding pocket for tastants [35]. Nearly half
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of the positively selected sites (13 of 28) are within the
transmembrane domains (Figure 5B), not significantly
different from frog T2Rs (4 of 14 sites, p>0.2, chi
square test), and at least some of these sites could exert
a direct influence on ligand binding.

In contrast, teleost 2r genes do not exhibit a single
positively selected site (Figure 5A), suggesting that selec-
tion for diversity may be a characteristic feature of taste
receptor evolution in the lobe-finned, but not the ray-
finned lineage.

The V1R family exhibits neither pronounced positive nor
negative selection

Teleost ora genes show very pronounced negative se-
lection consistent with previous reports [10], whereas
Latimeria and frog vir genes exhibit no or nearly no
negatively selected sites (Figure 5, Additional file 1).
However, overall vIr/ora genes appear to be under
higher evolutionary constraints than ¢2r genes, since
we observe only rare positively selected sites in frog and
none in Latimeria vIr genes (Figure 5). For Latimeria vir
genes neither negatively nor positively selected sites were
found using both prediction methods, although one of the
methods suggests the presence of some negatively selected
sites. Thus it remains unresolved, whether Latimeria vir
genes are truly under neutral selection, or merely under
weak purifying selection, undetected by the stringent
search criteria applied.

Latimeria t2r and v1r genes are intronless

Mammalian T2Rs and VI1Rs are monoexonic, while
some teleost V1R-related ORAs are known to harbor 1
to 3 conserved introns [10]. We therefore evaluated all
Latimeria T2R and V1R genomic sequences individually
to obtain reliable exon/intron predictions. We find no
evidence for introns in either gene family, including
V1R03 and V1R04, orthologous respectively paralogous
to intron-containing teleost ora3 and ora4 genes. Since
the lamprey gene basal to both v1r03/ora3 and vir04/ora4
is also intronless [36], we conclude that the intronless
state is the ancestral feature, and that the intron gains
resulting in polyexonic ora3 and ora4 genes have hap-
pened late in the vertebrate evolution, within the ray-
finned lineage (Figure 6A).

Intergenic distances between Latimeria t2r genes are
larger than between Latimeria v1r genes

Despite the generally small size of T2R-containing con-
tigs, three quarters of £2r genes are found with neighbor-
ing t2r genes. Also, over two thirds of vIr genes are
found with neighboring vIr genes, allowing calculation
of intergenic distances (Figure 6B,C). It is noteworthy
that t2r genes, with their larger evolutionary dynamics
(see above), exhibit also larger intergenic distances,
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31 kb median value compared to 16 kb for vIr genes (cf.
Additional file 1). For two teleost ora gene pairs (oral/2
and ora3/4) we compared the genomic arrangement of
their four Latimeria orthologs/paralogs (Figure 6B). The
teleost ora3/4 gene pair is locked in tail-to-tail orienta-
tion at few kb distance, ¢f [10]. While the corresponding
Latimeria genes vIr03 and vIr04 are also neighbors,
they are severalfold further apart and have head-to-tail
orientation. The Latimeria vIr0l and v1r02 genes, on
the other hand, share the head-to-head orientation of
their teleost counterparts oral and ora2, but lie much
farther apart, with about 100 kb distance between vIr01
and v1r02. Five vIrOl-related genes are located in the
intervening sequence, all sharing the orientation of
vIr0l, suggesting that several gene duplications of the
ancestral vIr0l gene resulted in breaking the ancestral
close association of vIr0I and v1r02 (Figure 6B).

High density of repeat elements involved in gene
duplication is observed close to t2r genes
Repeat elements may facilitate gene duplication by in-
creasing the probability of illegitimate cross-over during
meiosis. In particular LINE, SINE, and LTR elements
(class 1 transposable elements, retrotransposons) have
been shown to correlate with gene duplications and inver-
sions [20,37-39]. An increased density of such elements
close to t2r genes conceivably could provide a mechanism
for the genesis of the record-sized T2R family. We have
therefore analysed the distribution of repeat elements in
the neighborhood of T2R clusters. Since drastically differ-
ent average values for the contribution of repeat elements
to the genome have been reported for Latimeria [18,20],
we have generated a reference value ourselves, using ten
randomly selected scaffolds. We find that on average T2R
cluster regions (=3 ¢2r genes) contain 4.6% more SINE se-
quence and 3.5% more LINE sequence than the reference
regions (Figure 7A). LTR elements constitute a compara-
tively small proportion of all repeat elements, consistent
with other reports [40], and show little difference between
T2R cluster regions and reference regions (Figure 7A).
The strongest association of class I transposable ele-
ments with gene duplication is found within 5-10 kb
distance from the respective genes [41]. In fact, there
is evidence for duplication of such 5-10 kb regions for
another class of chemosensory receptor genes [42]. We
have therefore determined the density of LINE, SINE,
and LTR elements in 20 kb sequence segments cen-
tered on each £2r gene that belongs to an identifiable
cluster (47 genes) (Figure 7B). We report that the ¢2r
surround regions exhibit a significantly higher density
of LINE/SINE/LTR elements than the reference regions
(13.9+/-0.8 vs. 7.2+/-0.6 elements/20 kb, respectively;
mean+/-SEM, p < 0.001, two-sided t-test).
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Figure 6 Genomic structure and location of Latimeria v1r and t2r genes. Panel A, phylogenetic origin of introns in the V1R/ora family. The
subtree is taken from Figure 3; numbers indicate % branch support; black diamonds, intron gains. Panel B, comparison of the Latimeria V1R1/2
and V1R3/4 clades with the ORA1/2 and ORA3/4 gene pairs of teleosts. Numbers correspond to gene names; magenta triangles, Latimeria v1r
genes; grey triangles, zebrafish genes; triangle pointing left, + strand; triangle pointing right, - strand; all gene distances drawn to scale. Panel C,
Latimeria t2r gene clusters, full length of contigs is shown; numbers correspond to gene names; magenta triangles, Latimeria t2r genes; triangle
pointing left, + strand; triangle pointing right, - strand; all gene distances drawn to scale. In comparison with an independent assembly [20], two

contigs containing three and six genes (T2R25, 22, 42 and T2R29, 58, 28, 31, 32, 66, respectively), merge into a larger cluster of nine genes.

J

Finally we have determined for all £2r gene clusters the
frequency of repeat elements in the entire contigs using
small scale (1 kb) binning (Figure 7C). It is noticable that
often pronounced peak frequencies occur in very close
association to t2r genes, and on the other hand very few
t2r genes are located in stretches of sequence devoid of
repeat elements (Figure 7C). Taken together, analysis on
three different length scales (gene cluster region, effective
neighborhood range and 1 kb high resolution mapping)
shows an enrichment in repeat elements in the genomic
vicinity of £2r genes. These findings suggest that the high
evolutionary dynamic of Latimeria £2r genes might be at
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least in part facilitated by an enrichment of class 1 transpo-
sons in the corresponding genomic regions.

v1r gene clusters show no increase in surround density of
repeat elements

The Latimeria VIR family exhibits only moderate gene
expansion, compared to the T2R family. Therefore it
appeared instructive to compare the density of repeat
elements in the vicinity of vir genes to that found in
reference regions as well as T2R clusters. We find on
average that regions with VIR clusters (>2 vir genes)
show slightly reduced LINE and SINE levels (1.0% and
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1.8% of sequence below reference levels, respectively,
Figure 7A). LTR elements are nearly completely absent
(Figure 7A).

In the detailed analysis of 20 kb surround regions of
vIr cluster genes the average frequency of retrotranspo-
sons is not significantly different from that observed in
reference regions (Figure 7B). In contrast, the difference
to t2r surround regions is highly significant (p < 0.001,
t-test). In the small scale analysis only 1 of the 14 vir
genes present in clusters is associated with a noticable
peak frequency of repeat elements, although several
such peaks do exist in the larger vicinity (Figure 7D).

In summary, on all levels of analysis the genomic
neighborhood of vIr genes is similar to control regions,
whereas neighborhood regions of t2r genes show signifi-
cant increases above control levels. Indeed, the frequency
of repeat elements in ¢2r gene surrounds is double as large
as that observed in vIr gene surrounds. Thus, the in-
creased repeat density surrounding £2r genes is not a gen-
eral feature of chemosensory genes in Latimeria, but is
correlated with the unusually large increase in the T2R
family size during coelacanth evolution.

Discussion

Coelacanths (Latimeria) are so-called living fossils, as
they are one of the few extant fish in the lobe-finned
lineage of vertebrates, from which all tetrapods emerged
[17]. The fossil record shows remarkable morphological
consistency since the early Devonian [43], consistent with
a generally slow rate of molecular evolution in coelacanth
genes [34]. Chemosensory receptor families are among
the fastest evolving gene families [8], and thus we were
interested in the evolutionary dynamics of such families
in a coelacanth genome. In particular, two of these gene
families, the closely related VIR/ORA and T2R families,
are known to rapidly evolve in tetrapods [13], whereas the
corresponding gene repertoires in teleost fish are small
and highly conserved [10,11]. It is worth pointing out that
this tetrapod/teleost difference is gene family-specific and
cannot be generalized, since in another chemosensory
gene family opposing trends are observed [12]. The sparse
information available for cartilaginous and jawless fish
[44] suggests that the teleost VIR/ORA repertoires may
correspond to the ancestral situation.

We report here that Latimeria chalumnae possesses
80 t2r genes, of which at least 74 are intact genes, which
is by far the largest repertoire size reported for any spe-
cies (Figure 8), and nearly double as much as that of the
frog Xenopus tropicalis, the largest known repertoire so
far [11]. The biological purpose for Latimeria of such a
large T2R receptoire is unknown. T2R receptors are bit-
ter taste receptors in mammals [2], possibly also in tele-
ost fish [45] and are assumed to mediate avoidance of
potentially toxic food sources. It has been suggested that
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Figure 8 Evolutionary dynamic of vertebrate t2r and v1r gene
repertoires. Species tree with the respective T2R (blue circle) and
VIR/ORA (black circle) repertoires. Circle area is proportional to the
size of the gene family. Values for Latimeria T2R and V1R families,
this study; t2r gene family size for other species was taken from [11],
teleost ORA and frog V1R family size from [10] and mouse V1R
family size from [25].

herbivores would require larger T2R repertoires to guard
them against plant chemical defense mechanisms [15].
This correlation is weakened by our results, since plants
are absent in the habitat of Latimeria, the deep sea
(Latimeria feeds on various fish and cephalopods [46]).
However, it cannot be excluded that Latimeria T2Rs
might have extra-gustatory functions, as has been shown
for mammalian T2Rs [47].

The unparalleled size of the Latimeria T2R repertoire
is unexpected, given the overall low mutation rate in
Latimeria genes, cf [34]. It is noteworthy that all but
four of the Latimeria t2r genes are derived from a single
ancestral gene, thus the diversification of the T2R reper-
toire seen here constitutes a recent development within
this lineage. The increase in Latimeria T2R family size
appears to have arisen by repeated local gene duplica-
tions, since the large majority of £2r genes are found in
small clusters in several short contigs, which presumably
will coalesce into larger cluster(s) as the genome assem-
bly becomes more refined. In fact, a comparison with an
independent sequencing effort [20] showed two of the
clusters found here merging into a larger cluster. The
significantly higher density of transposable elements in
the immediate vicinity of £2r genes may provide a means
to facilitate/enhance gene duplication in this gene family
and could thus be part of the mechanism responsible
for generating the large T2R family. Additionally, closely
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related neighboring t2r genes themselves might serve as
recombination foci.

Genesis of a large gene repertoire requires not only
gene duplications, but also an efficient path to neo-
functionalization for these newly duplicated genes,
which may involve positive selection. Indeed we found
dN/dS values indicative of positive selection for a large
number of sites localized in all three major compart-
ments of the protein sequence (extracellular loops,
transmembrane regions, intracellular loops), with small
clusters in two intracellular loops. These sites might
contribute either directly (sites in TMIII, TMV and
TMVI], cf. [35]) or indirectly via overall conformational
changes (sites in loops, other TMs) to diversification of
Latimeria taste responses.

We wished to compare the extent of positive selection
in Latimeria t2r genes to that observed in tetrapod and
teleost chemosensory receptor families [12,27,48-50]. How-
ever, numerical comparison between results obtained
by different algorithms is difficult, and so we also have
examined dN/dS ratios for teleost and frog T2R reper-
toires here. We observe that Latimeria T2Rs by far
show the most pronounced positive selection of all
T2R families analysed, an unexpected result consider-
ing the generally low mutation rate in Latimeria genes,
¢f. [34]. We have also analysed VIR/ORA repertoires
from Latimeria, teleost and frog, and did not find any
evidence for positive selection in Latimeria V1Rs. Neither
did Latimeria V1Rs exhibit the pronounced negative selec-
tion observed for the V1R-related ora genes of teleosts
[10]. In other words, Latimeria vIr genes are drastically
different from their teleost counterparts, and resemble
more those of later diverging tetrapods (this manuscript,
¢f [27,48-50]. In all within-species comparisons, V1Rs ex-
hibited either more negative or less positive selection than
T2Rs. Taken together, Latimeria, an early-diverged and
aquatic-living vertebrate species with generally slow
evolution, shows evidence for (near) neutral evolution
of its VIR and fast evolution of its T2R repertoire.

It has previously been hypothesized that the difference
between (small) teleost and (large) tetrapod T2R and VIR
repertoires might reflect an adaptation to the terrestrial
lifestyle [11]. Furthermore these differences have been
contrasted with the absence of such drastic changes in
V2R (and T1R) repertoires, resulting in large changes of
the ratio of vIr to v2r genes upon the acquisition of the
terrestrial life style [25]. However, the results we report
here for the Latimeria VIR family and in particular the
Latimeria T2R family do not strengthen this hypothesis.
Latimeria is a purely aquatic organism with a medium-
sized VIR and very large T2R repertoire, whereas its V2R
repertoire is comparable to that of teleost fishes (Korsching,
unpublished observation). Consequently, the difference in
size between teleost and tetrapod T2R repertoires is not
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related to the water-to-land transition. Instead, frequent
gene birth events in particular in the T2R family appear
to be a general feature of the lobe-finned lineage of verte-
brates, and need to be understood in that context. Of
course, this does not exclude an additional role, aquired
much later, in facilitating the water-to-land transition.

On the other hand, for another parameter, sequence
divergence, both the VIR and T2R receptor families of
Latimeria examined here are more similar to those of
teleosts than to those of later diverging members of their
own lobe-finned lineage. While Latimeria possess sister
clades to all mouse and frog ¢2r genes, they have addition-
ally retained a ‘fish-like’ taste receptor, unlike mouse and
frog. Furthermore, Latimeria exhibits direct orthologs or
paralogs of all six teleost ora genes, in contrast to the am-
phibian Xenopus, who lost the majority, and mammals,
who lost all direct orthologs, and kept paralogs of only two
ora genes. Thus, the Latimeria T2R and VIR repertoires
are more divergent than the corresponding repertoires of
the later-derived tetrapods from the same (lobe-finned)
lineage. The gradual loss of ancestral vir genes in the lobe-
finned lineage correlates with loss of aquatic life style (ob-
ligatory for Latimeria, facultative for Xenopus, and mostly
absent in mammals) and conceivably these six highly con-
served VIR/ORA receptors are specialized for detection of
purely aquatic odor stimuli.

Conclusions

Taken together we have shown hybrid features for the T2R
and VIR receptor repertoire of a coelacanth, Latimeria
chalumnae. Despite its basal position in the lobe-finned
lineage, ¢2r genes of this species shows many species-
specific gene duplications - conceivably facilitated by a
high density of transposable elements - as well as evidence
of positive Darwinian selection characteristic for later-
diverged members of this lineage such as amphibians and
mammals. At the same time, Latimeria retains most of
the divergence characteristic of teleost chemosensory re-
ceptor repertoires, which to an increasing degree is lost in
more modern representatives of the lobe-finned lineage.
Latimeria thus provides a counter-example to the inverse
correlation of genetic divergence and frequency of gene
birth events apparent for several previously studied che-
mosensory repertoires of teleosts and tetrapods [8]. Fur-
thermore, the large size of the Latimeria T2R repertoire,
comparable to some of the smaller olfactory receptor gene
families, cf. [8], suggests that the sense of taste may require
unexpectedly high molecular complexity.

Methods

Sequence data mining and phylogenetic analysis

Using representative T2R and V1R amino acid sequences
from mouse, Xenopus tropicalis and zebrafish as queries,
we searched with tblastn for ¢2r and vIr genes in the
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preliminary draft of the Latimeria chalumnae genome
produced by the Broad Institute [21]. Homology regions
above 200 amino acid length were considered further.
Several sequences were manually edited to establish or
to complete the ORF prediction, including six £2r genes,
for which <2 stop codons/frame shifts were removed,
resulting in each case in a full length sequence containing
the expected motifs (cf. Figure 4) over the entire sequence
length. These six genes are indicated with asterisks in the
phylogenetic tree (Figure 2). No t2r candidate genes with
more than 2 stop codons/frame shifts were found. This
suggests to us that the edited bases could well have been
due to sequencing errors in this draft assembly. One pre-
diction of a small additional N-terminal exon (in V1R10)
resulted in lower homology in the multiple sequence
alignment, compared to the corresponding full length
monoexonic prediction, and so the latter was included in
further analysis. Sequences that are >98% identical in
amino acid sequence are considered allelic variants [51],
but could theoretically result from very recent gene dupli-
cations. In this case either adjacent or unambiguously dif-
ferent genomic location would be expected. No such cases
were observed. Resulting sequences ranged from 287 to
316 amino acids for T2Rs, and 299 to 321 amino acids
for V1Rs. All Latimeria chalumnae sequence data used
in this article is included in Additional file 2. Sequences
were aligned with MAFFT 7 [52], an online version of the
multiple alignment tool MAFFT [53], using the E-INS-I
strategy with the default parameters. Clustal Omega [54]
was also used for alignment.

Phylogenetic analysis was performed with a Maximum
likelihood algorithm (PhyML-aLRT) with SPR setting for
tree optimization and chi square-based aLRT for branch
support [22] on the phylemon2 server [55]. Branch sup-
port above 80% was considered significant. Candidate se-
quences had to fulfil the following stringent conditions
to be accepted as bona fide unique T2Rs or V1Rs, re-
spectively: a) the gene had to be located inside the corre-
sponding phylogenetic tree with branch support over
80%; b) the sequence had to contain the motifs charac-
teristic for that gene family; c) the sequence had to map
to a unique, non-overlapping genomic position; d) the
minimally accepted sequence difference of 2% had to be
distributed along the sequence.

Sequences were named according to named orthologs
or closest paralogs from other species, if applicable, and
otherwise according to phylogenetic relationship. The
assignment of Lc_V1R04 was confirmed by comparison
with V1R-related ORA3 and ORA4-specific motifs.

Identity and similarity matrices and sequence logos

Pairwise alignments of the 20 VIR and 80 T2R amino
acid sequences were performed using the SIAS webser-
ver [56]. Identity and similarity values from all possible
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comparisons within each family were retrieved and are
shown as matrix.

Sequence logos were generated using Sequence logo 3
[26]. Sequence alignments were manually edited using
Jalview [57] and positions with gaps in over 90% of se-
quences were deleted. To align conserved motifs identi-
fied within Latimeria T2Rs, V1Rs, tetrapod T2Rs, V1Rs,
teleost T2Rs and V1Rs, a multiple alignment including
all six gene families was analysed. Transmembrane regions
were predicted for multiple aligned sequences using
PRALINE [58].

Analysis of transposable elements

Latimeria scaffolds containing t2r and vIr gene clusters
were examined for repeat elements using RepeatMasker
[59], which provides a detailed annotation of class I
(retrotransposons) and class II transposable elements.
Detailed analysis and graphical representation of results
was performed using Excel, Open Office, and Adobe Illus-
trator. Class I transposable elements (LINE, SINE and
LTR) encode a reverse transcriptase (RT) protein enabling
a sometimes autonomous “copy and paste” mechanism.
Class I elements are most relevant in facilitating gene du-
plication, inversion and translocation [37-39], and were
analysed separately. For reference sequence we randomly
chose ten Latimeria scaffolds totaling 11.3 Mb genomic
sequence.

dN/dS analysis

The dN/dS ratios for the latimeria ¢2r and vIr gene
families were calculated using nucleotide sequences
aligned by MAFFT [52] and manually edited using Jalview
[57] to match the amino acid alignments obtained in
phylogenetic analysis. Codon based alignment was also
employed using PAL2NAL [60]. To test the selective pres-
sure on individual codons, we used the single likelihood
ancestor counting (SLAC) package described in [61] and a
fixed effects likelihood (FEL) method that directly esti-
mates nonsynonymous and synonymous substitution rates
at each site [33]. As significance cutoff we chose p <0.1, in
accordance with published procedures [33]. To achieve a
high stringency of analysis, we required independent pre-
diction of positive or negative selection by both methods.
Thus we expect very few false-positives, and indeed no
positively selected sites were predicted for several of the
gene groups analysed. All dN/dS analyses were performed
using the datamonkey server [62]. To exclude saturation
bias, we confirmed that dS values for all comparisons
were below critical values, cf. [32], using DnaSp soft-
ware package [63].

Availability of supporting data
The data sets supporting the results of this article are
included within the article and its additional files.
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3 EXTENDED DISCUSSION

“The capacity of DNA to store information vastly

exceeds that of any other known system”

Dr. Michael Denton

3.1 XENOPUS laevis (AFRICAN CLAWED FROG)

The olfactory system architecture of teleost fishes is very different from that of
tetrapods. In tetrapods olfactory system is segregated in multiple subsystems with
distinct segregation even within subsystems, whereas a single sensory surface with little
internal segregation is observed in the teleost fishes, although they possess all but one
of the different olfactory receptor gene families, which segregate into different
subsystems in tetrapods. Amphibians occupy an important position in the evolution of
olfactory systems as being the first vertebrates to possess a separate vomeronasal
organ. Furthermore, amphibians have biphasic life cycle, aquatic larvae vs. terrestrial
adults, which makes them a good model for understanding how chemical signaling
functions in aquatic versus terrestrial environments. Finally, studying early diverging
tetrapods is crucial in determining at which point during evolution vertebrate olfactory
receptor families localized and became functional in the vomeronasal system. In my
PhD thesis | have examined the olfactory system of the anuran amphibian Xenopus
laevis, an early diverging tetrapod. Most of my work is on Xenopus tadpole which is fully
aquatic and has olfactory system showing clear morphological separation into two
subsystems, the MOE and the VNO (Manzini and Schild 2010).

3.1.1 EARLY DIVERGING V2R GENES are EXPRESSED in MOE

Previously it was thought that all v2r genes are expressed in the VNO, based on
expression data for a few V2Rs (Hagino-Yamagishi et al. 2004). However, at that time
no genome project for Xenopus existed and so these studies could not provide a
systematic phylogenetic analysis of the V2R gene family. With the availability of the
genome sequence of Xenopus tropicalis, a close relative of Xenopus laevis, a recent
study found Xenopus tropicalis to have the largest V2R gene family repertoire reported
so far, with well over 300 genes (Figure 2) (Ji et al. 2009). Using the V2R gene family

information from Ji et al., 2009, we employed phylogenetic analysis to identify four
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major subgroups and selected seven representative genes belonging to all four
subgroups, and cloned their orthologs in Xenopus laevis (Syed et al. 2013). Two
subgroups represent later diverging genes according to phylogenetic analysis, and all
genes selected from those two subgroups (v2r-A2a, v2r-A2b, v2r-A2c and v2r-E-1) are

expressed in the VNO.

However, very unexpectedly, all genes analyzed from the two earlier diverging
subgroups (v2r-A1a, v2r-A1b and v2r-C) are expressed exclusively in the MOE (Syed et
al. 2013). These results represent a major subpopulation of V2Rs, since all selected
probes except v2r-C cross-react with many neighboring v2r genes of the subtree, (Syed
et al. 2013). The v2r-C gene nevertheless labels a large population of neurons in the
MOE, possibly because it may be a co-receptor for many other v2r genes, as has been
shown both for its mammalian and teleost orthologs (Martini et al. 2001, DeMaria and
Ngai 2010, Ishii and Mombaerts 2011).

This segregation of a single olfactory receptor family into two main olfactory
organs is unprecedented. There have been reports about isolated TAAR and OR genes
being expressed outside the MOE and in fact outside the olfactory system (Fleischer et
al. 2007, Tian and Ma 2008), but never before major phylogenetic subdivisions of a
single olfactory receptor family were found to be expressed in different olfactory organs.
The function and the mechanism for such segregation are currently unknown, but it is
tempting to speculate that the earlier diverging V2R genes still have functional roles
comparable to those of their teleost counterparts, who are also expressed in the MOE,
whereas the later diverging V2R genes may have acquired functions comparable to
their mammalian counterparts, which are expressed in the VNO as well. In this sense,
the bimodal expression of V2R genes observed in Xenopus would represent an

evolutionary transition point, possibly between aquatic and terrestrial olfaction.

3.1.2 TRPC2 EXPRESSION in BOTH OLFACTORY SUBSYSTEMS of
XENOPUS PARALLELS THE COMBINED V2R EXPRESSION
TRPC2 is a marker for microvillous neurons, which is shown to be expressed in

the single olfactory surface of the teleost fish but is restricted to the VNO in the
terrestrial amphibian and tetrapods (Sato et al. 2005, Liman and Dulac 2007). TRPC2 is
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shown to be a crucial channel for the signal transduction activated by V1R and V2R
expressing sensory neurons in the rodent VNO (Liberles 2014). Thus we expected
TRPC2 to be expressed both with early diverging and late diverging V2R genes, i.e. in
both MOE and VNO. TRPC2 expression in anuran species was not known, so we
performed homology cloning and in situ hybridization to localize cells expressing
TRPC2. We found that TRPC2 is expressed in the VNO as well as in the MOE
(Sansone et al. 2014). This bimodal expression constitutes a unique finding unlike any
other species investigated so far. For teleost fish TRPC2 is restricted to the MOE, and
for all terrestrial living species, including a salamander, TRPC2 is restricted to the VNO
(Kiemnec-Tyburczy et al. 2012, Liberles 2014), always paralleling the V2R expression in
those species. The same parallelism was observed in Xenopus laevis and might allow
searching for V2R gene expression patterns in novel species by analyzing the

expression of the much more conserved TRPC2 gene.

3.1.3 SPATIAL EXPRESSION ARCHITECTURE of XENOPUS OLFACTORY

RECEPTOR FAMILIES in MOE

Our work has shown that TRPC2 and a large subpopulation of the V2R gene
family are expressed in the MOE, suggesting the main olfactory system of amphibians
is similar to that of teleost fishes, including the cellular and genetic components that are
already confined to the VNO in terrestrial vertebrates. Having expression of all four
olfactory receptor families in the MOE draws our attention to look whether and how
expression of these olfactory families may be segregated or intertwined. Our work
combined from three studies gives a complete description of the spatial architecture of
olfactory receptor gene family expression in the MOE (Gliem et al. 2013, Syed et al.
2013, Sansone et al. 2014). We found non-random distributions of cells expressing
particular receptors in two dimensions, apical to basal and medial to lateral in the MOE
(Figure 4).

Firstly, we looked at apical to basal distributions of four olfactory receptor gene
families (TAAR, OR class | and class Il, VIR and V2R), along with olfactory marker
protein (OMP) and TRPC2 as marker for ciliated and microvillous neurons respectively.
We report that TRPC2 expressing cells preferentially take a basal position while OMP
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expressing cells are present closer to the apical surface of the MOE. These two
distributions of TRPC2 and OMP do not have sharp borders, instead, after an initial rise
there is a gradual decrease in the frequency of expression from basal to apical, with
peak positions characteristically different between these two markers (Syed et al. 2013,
Sansone et al. 2014). Furthermore, MOE-specific V2R genes are expressed basally,
like the TRPC2 expressing cells (Sansone et al. 2014), and one OR and one TAAR
gene are expressed apically like the OMP-expressing cells (Syed et al. 2013).

Secondly, we analyzed medial-to-lateral distribution of these receptors and
reported OMP-positive cells being present in all three segments, with a slight depletion
in the lateral segment, whereas TRPC2 and V2R-positive cells are uniformly present
from medial-to-lateral in the MOE. We found all three members of OR class Il and one
member of OR class | to be strongly depleted in the lateral region of MOE, whereas two
OR class | genes have heterogeneous expression patterns (medial enriched and
ubiquitous). Furthermore, two out of three V1R genes showed near homogeneous
distribution, whereas other showed depletion in the intermediate zone. The TAAR gene
family has only two members involved in olfaction, which exhibit very dissimilar
expression patterns: for one gene the large majority of cells is found in the lateral part of
MOE (Figure 4) (Gliem et al. 2013), while the second gene is expressed

homogeneously in all three regions (unpublished observation).

When evaluating the spatial expression patterns of all olfactory receptors
examined, we find that the two axes studied - medial to lateral and apical to basal -
appear to be specified independently. Apical expression zones can be uniform (OMP),
medial-enriched (OR) or lateral-enriched (TAAR4a), basal expression zones can be
uniform (V2Rs) or lateral-enriched. In other words, a particular preferred position on one

axis does not predict a preferred position in the second axis.
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Figure 4: Bimodal and zonal topology of V2R, TRPC2, OMP gene expression and odor responses.
(Left) Complementary expression in MOE (OMP, V2R, TRPC2) and VNO (v2r-A2 and v2r-A3, TRPC2
genes). Within the MOE, gradients of expression frequency are observed. A basal zone (red) contains the
V2R and TRPC2, whereas an apical zone (green) contains OMP2 as well as an odorant receptor;
alcohol, aldehyde, and ketone responses (not depicted). (Right) A 2D schematic representation of the
center region of each odor response and gene expression analyzed. Amino acid responses are
heterogeneous, basal in the lateral segment, but apical in the intermediate and medial regions. In all,
multiple subdivisions are observed, resulting in a highly complex pattern. (Figure modified after Syed et al
2013)

3.1.4 MAPPING the ODOR RESPONSES to the OLFACTORY RECEPTORS

SPATIAL DISTRIBUTION in MOE

We looked at the spatial distribution of cells responsive to four different odors
(amino acids and alcohols, aldehydes and ketones) in medial-to-lateral and apical to
basal zones of MOE. We found amino acid-responsive cells are enriched in the lateral
region and are basal within the lateral region, but that smaller populations of amino
acid-responsive cells in the medial and intermediate region are preferentially located
apically, suggesting a heterogenous population of OSN to be responsible for amino acid
detection. We hypothesize that amino acid responses are the sum of a lateral
population of microvillous, V2R-expressing OSNs plus a medial and intermediate
population of OMP-expressing OSNs. Our findings parallel a previous observation of
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ciliated OSNs responding to amino acids in some fish species (Hansen et al. 2003). In
contrast, responses to alcohol, aldehyde and ketones are distributed evenly in all three
regions from medial to lateral, and show a preferentially apical location, suggesting their
expression in ciliated OSNs that express class Il or class | OR gene family (Gliem et al.
2013, Syed et al. 2013). To conclude, a correlation of olfactory receptor gene
expression patterns with a spatial pattern of an odor responses suggests potential
ligands for these receptors, which has of course to be examined directly in further

experiments.

To summarize, we have shown a two dimensional architecture of Xenopus MOE,
in which distributions can vary independently for each dimension. Our findings about the
bimodal expression of V2R and TRPC2 in the VNO as well as in the MOE in the
Xenopus tadpole shows closer similarities of the Xenopus MOE to the single sensory
epithelium of fishes than to the multi-organ olfactory system of mammals. This
intermediate segregation of the olfactory system makes Xenopus an ideal model system
to investigate the cellular and molecular forces governing the evolution of the vertebrate

olfactory system.
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3.2 COELACANTH CHEMOSENSORY RECEPTOR REPERTOIRE
MORE SIMILAR to TETRAPODS than RAY-FINNED FISHES

Coelacanth (Latimeria chalumnae), also known as a living fossil, is a critically
endangered species belonging to the family of Latimeriidae. Latimeria chalumnae holds
an important branch point in evolution as they are the oldest known living lineage of the
lobe-finned fishes which was believed to be extinct since the time of dinosaurs (70
million years ago). A genome sequencing study of Latimeria chalumnae points at the
slow rate of molecular evolution in Latimeria genes (Amemiya et al. 2013), this
phenomena got us interested to look at the evolutionary dynamics of chemosensory
receptor families, in particular VAR and T2R gene families, which are known to rapidly
evolve in tetrapods but are small and moderately to highly conserved in teleost fishes
(Korsching 2009, Young et al. 2010).

3.2.1 AN UNPRECEDENTEDLY LARGE T2R FAMILY of LIVING FOSSIL

We reported Latimeria chalumnae possesses the largest T2R gene family
described for any species so far (Figure 5). T2Rs are bitter taste receptors in tetrapods
which enable animals to detect and prevent from ingestion structurally distinct toxic
compounds. It has been proposed that herbivores possess larger T2R repertoires to
guard them against plant chemical defense mechanisms (Li and Zhang 2013). This
hypothesis is greatly weakened by our findings, as Latimeria lives in deep sea water
around 150- 200 meters deep and their diet consists mainly on squids, eels, small
sharks and other animals that are found in the deep sea. The biological purpose of the
large T2R gene family is unknown, but we can speculate this family might be involved in

extra-gustatory functions similar to mammalian T2Rs (Behrens and Meyerhof 2011).

In depth T2R phylogenetic analysis shows three ancestral genes. Only one gene,
T2RO01, has any ortholog in other species, interestingly in teleost fish, not in tetrapods,
and this gene is located most basally in the phylogenetic tree, suggesting T2R01 to be
closest to the ancestral T2R gene (Syed and Korsching 2014). Nearly all T2Rs arose
via multiple gene duplications from another single ancestral gene. We have looked for
potential mechanisms generating and maintaining such a large family size.

Transposable elements play a key role in gene duplication and indeed we found twice
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the density of transposable elements in the immediate vicinity of T2R gene clusters
compared to the control group, a highly significant enrichment. For a possible
mechanism stabilizing newly duplicated genes we have investigated the selective
pressure acting on T2R genes. We have performed dN/dS analysis as an indicator of
positive or negative selection and could show pronounced positive selection in the
major regions of the protein sequence (extracellular loops, transmembrane regions,
intracellular loops), with small clusters in two intracellular loops. Positively selected sites
in TMIII, TMV and TMVII might contribute either directly (Behrens and Meyerhof 2013)
or indirectly via overall conformational changes to diversification of Latimeria taste

responses.
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Figure 5: Evolutionary dynamic of vertebrate T2R and V1R gene repertoires. Species tree with the
respective T2R (blue circle) and V1R/ORA (black circle) repertoires. Circle area is proportional to the size
of the gene family. Values for Latimeria T2R and V1R families, this study; t2r gene family size for other
species was taken from (Dong et al., 2009) , teleost ORA and frog V1R family size from (Saraiva and
Korsching 2007) and mouse V1R family size from (Shi and Zhang 2007). Figure taken from (Syed and
Korsching 2014).

3.2.2 V1R GENE REPERTOIRE SIMILAR to TETRAPOD V1R REPERTOIRES

Through data mining of the Latimeria genome we identified twenty V1IR/ORA
genes (Figure 5). VIR phylogenetic analysis reveals nine ancestral genes, six of which
have orthologs in teleost fishes. Transposable elements are not enriched in the
surrounding of VIR gene clusters, in contrast to the T2R gene environment. Similarly,
dN/dS analysis show neither pronounced positive nor negative selection in Latimeria
V1R gene family, reminiscent of the properties of Xenopus V1Rs. Thus, enrichment of
repeat elements in the neighborhood of T2R genes is not a general feature of
chemosensory receptors in Latimeria, but is correlated with the unusually large increase

in the T2R family size during Latimeria evolution (Syed and Korsching 2014).

In teleosts the V1R-related ORA gene family is conserved and consists of just six
gene members, whereas tetrapod V1R gene repertoires are highly species-specific,
from 20 members in frog and reaching up to 210 family members in mouse (Grus et al.
2007). The Latimeria V1R gene family has the features of both teleost (having all six
ancestral V1R genes), and tetrapod species (species-specific expansion). It had been
argued that the species-specific expansions characteristic for tetrapod V1R repertoires
were related to the water-to-land transition, i.e. the detection of airborne chemicals (Shi
and Zhang 2007). This hypothesis is weakened by the presence of species-specific
expansions in coelacanth, and suggests that the expansion of the V1R gene family is

not related to terrestrial adaption.

Taken together, our work provides several insights into the chemosensory
system of a lobe-finned fish, Latimeria chalumnae. The singularly large T2R family may
have resulted from an interplay of local gene duplication facilitated via neighboring
transposable elements, and an efficient neofunctionalization of duplicated genes via

positive Darwinian selection. In contrast, the Latimeria V1R gene family does not show
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positive selection or enrichment of repeat elements in the genomic neighborhood.
Nevertheless, its family size shows intermediate signatures between ray-finned fish and
tetrapods, since it possesses all orthologs of the six ORA genes of ray-finned fishes,
and furthermore small species-specific gene expansions which are characteristic for
tetrapod V1R families. Finally, Latimeria is a critically endangered species, which can’t
be used as a model organism for functional studies, however due to its significant
branch point in evolution and availability of its genome sequence, Latimeria provides an
excellent anchor point for understanding the evolution of chemosensory receptor

families and using the evolutionary viewpoint to derive hypotheses about their function.
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5 SUMMARY

Chemosensation (smell and taste) is essential for the detection of chemical
signals, which enables animals to perform essential biological functions such as to find,
recognize and assess food cues, to localize prey and avoid predators, to recognize kin,
to identify suitable mates, and analyse food quality. In humans, smell, almost more than
any other sense, has the ability to recall up memories, and to change moods. The smell
molecules or odors are detected by a specialized set of G protein-coupled receptors
called olfactory receptors; these olfactory receptors are expressed in olfactory sensory
neurons located in the olfactory epithelium of vertebrates. Unlike tetrapods, which have
2 or more specialized olfactory subsystems, teleost fishes possess a single sensory
surface.

The aim of my doctoral thesis is to investigate the evolution of chemosensory
receptor gene repertoires from the perspective of comparative genomics. | have mainly
focused on two evolutionary relevant animal models, Latimeria chalumnae and Xenopus
laevis. Latimeria chalumnae are also called “living fossil” and are considered the oldest
living lineage of Sarcopterygii (lobe-finned fish and tetrapods). Xenopus laevis (African
clawed frog) is of great evolutionary importance as it is embodies the evolutionary
transition between aquatic and terrestrial environment.

In my thesis | have combined rigorous bioinformatics analysis with a molecular
biological approach to characterize chemosensory receptor repertoires. For two of these
repertoires that are characteristically different between teleost fish and tetrapods | could
show that Latimeria chalumnae exhibits the tetrapod, not the teleost features.
Furthermore, | demonstrated Latimeria to possess the largest taste receptor type 2
gene family reported for any species, showed pronounced positive Darwinian selection
in this gene family, and identified a possible evolutionary mechanism for generating this
large family. In an amphibian species (Xenopus laevis), | could show that expression
zones for several olfactory receptors are specified independently along two
perpendicular axes, the first such demonstration for any species. In this species |
revealed a novel bimodal expression pattern for type 2 vomeronasal receptors, with
phylogenetically ‘ancient’ receptors being expressed in the main olfactory epithelium like
their teleost fish counterparts, whereas ‘modern’ receptors are expressed in the
vomeronasal epithelium like their mammalian counterparts. These findings establish
Xenopus laevis, an established olfactory model system for functional analysis as highly
suitable to study the transition from aquatic to terrestrial olfaction at the molecular level.
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6 ZUSAMMENFASSUNG

Chemosensorische Systeme (Geruchs- und Geschmackssinn) sind essentiell fur
die Wahrnehmung chemischer Stimuli. Er befahigt Tiere zur Ausflhrung essentieller
biologischer Funktionen und Verhaltensweisen, darunter das Finden, Erkennen,
Erreichen und Bewerten von Nahrungsquellen, die Lokalisation von Beute und
Fressfeinden, die Erkennung von verwandten Artgenossen und die Identifikation
geeigneter Geschlechtspartner. Beim Menschen hat der Geruch, vielleicht mehr als
jeder andere Sinn, die Fahigkeit, Erinnerungen zu wecken und Gemutsstimmungen zu
verandern. Die Duftmolekile werden von spezialisierten G-Protein gekoppelten
Rezeptoren erkannt, welche bei Vertebraten in sensorischen Neuronen des
olfaktorischen Epithels lokalisiert sind. Im Gegensatz zu Tetrapoden, die zwei oder
mehr spezialisierte olfaktorische Subsysteme aufweisen, haben Teleosten nur ein
olfaktorisches Organ.

Das Ziel meiner Dissertation ist die Entschlisselung der evolutionaren
Zusammenhange verschiedener chemosensorischer Rezeptorgen-Repertoires vom
Standpunkt der vergleichenden Genetik. Dabei habe ich mich auf zwei evolutionar
relevante Modellspezies konzentriert: Latimeria chalumnae und Xenopus laevis.
Latimeria chalumna, auch als lebendes Fossil bezeichnet, wird als der alteste rezente
Vertreter der Sarcopterygii (Fleischflosser und Tetrapoden) angesehen. Xenopus laevis
(afrikanischer Klauenfrosch) ist ebenfalls von enormer evolutionarer Bedeutung, da die
Amphibien den Ubergang von der aquatischen zur terrestrischen Lebensweise
verkorpern.

In  meiner Arbeit habe ich bioinformatische Analysen mit einem
molekularbiologischen Ansatz kombiniert, um chemosensorische Rezeptorgen-
Repertoires zu charakterisieren. Fur zwei dieser Genfamilien, die sich bei Teleosten
und Tetrapoden in charakteristischer Weise unterscheiden, konnte ich zeigen, dass
Latimeria chalumnae Eigenschaften des Tetrapoden-Repertoires aufweist, nicht aber
des der Teleosten. Weiterhin konnte ich zeigen, dass Latimeria die grofdte bekannte
Typ 2 Geschmacksrezeptor Genfamilie aller untersuchten Spezies aufweist und diese
einer positiven Selektion im Sinne Darwins unterliegt. In der Arbeit habe ich mdgliche
evolutionare Mechanismen der Entstehung solch einer groRen Genfamilie aufgezeigt.
Fir eine amphibische Spezies (Xenopus laevis) konnte ich, erstmalig in diesem
Forschungsgebiet, demonstrieren, dass die Expression verschiedener olfaktorischer
Rezeptoren in der sensorischen Oberflache in zwei Dimensionen unabhangig
voneinander festgelegt wird. In dieser Spezies beobachtete ich aullerdem ein
neuartiges bimodales Expressionsmuster fir Typ 2 vomeronasale Rezeptoren:
Phylogenetisch ,urspringlichere” Rezeptoren werden, genau wie die entsprechenden
Rezeptoren bei Teleosten, im olfaktorischen Epithel exprimiert. Hingegen werden
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.,moderne“ Rezeptoren, ebenso wie deren Pendants bei Saugetieren, im
vomeronasalen Epithel exprimiert. Diese Erkenntnisse machen Xenopus laevis, der
bereits ein bewahrtes Modell fur funktionelle Analysen in der Geruchsforschung ist, nun
auch zu einem geeigneten und auferst interessanten Modell zu Untersuchung des
Geruchssinnes im Ubergang von der aquatischen zur terrestrischen Lebensweise.
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7 APPENDIX

OE: Olfactory epithelium

OSN: Olfactory sensory neuron

GPCR: G protein-coupled receptor

MOB: Main olfactory bulb

MOE: Main olfactory epithelium

OB: Olfactory bulb

TRPC2: ;’ransmnt receptor potential cation channel, subfamily C, member
OSN: Olfactory sensory neuron

OMP: Olfactory marker protein

GC: Guanylyl cyclase

OR: Olfactory receptor

TAAR: Trace Amine-Associated Receptor
FPR: Formyl peptide receptor

V1R: Vomeronasal receptors type 1
V2R: Vomeronasal receptors type 2
VNO: Vomeronasal organ

VR: vomeronasal receptor

X.I: Xenopus laevis

X.t Xenopus tropicalis

Lc: Latimeria chalumnae

Actinopterygii:  Ray-finned fish
Sarcopterygii:  Lobe-finned fish

T2R: Taste receptor, type 2
T1R: Taste receptor, type 1
TRC: Taste receptor cell
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