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ABSTRACT
The anterior sensory anatomy (not including amphids) of the
nematode Aphelenchus avenae (Tylenchomorpha) has been
three-dimensionally reconstructed from serial, transmission
electron microscopy thin sections. Models, showing de-
tailed morphology and spatial relationships of cuticular
sensilla and internal sensory receptors, are the first com-
puterized reconstruction of sensory structures of a Tylen-
chomorpha nematode. Results are analyzed with respect to
similarly detailed reconstructions of Rhabditida outgroup
nematodes, Acrobeles complexus (Cephalobomorpha) and
Caenorhabditis elegans (Rhabditomorpha). Homologies
identified in A. avenae demonstrate the general conserva-
tion of the anterior sensory system between freeliving nem-
atodes and the largely plant parasitic Tylenchomorpha. A

higher degree of similarity is shown between A. avenae and
A. complexus, with common features including: the pres-
ence of a second, internal outer labial dendrite (OL1); a
second cephalic dendrite in the female (CEP2/CEM); an ac-
cessory process loop of inner labial dendrite 1; and terminus
morphology and epidermal associations of internal sensory
receptors BAG and URX. Unique to A. avenae is a pair of
peripheral, lateral neurons of unknown homology but with
axial positions and intercellular relationships nearly identi-
cal to the “posterior branches” of URX in A. complexus.
Knowledge of homologies and connectivity of anterior sen-
sory structures provides a basis for expansion of the exper-
imental behavioral model of C. elegans to the economically
important nematodes of Tylenchomorpha. J. Comp. Neurol.
517:616–632, 2009. © 2009 Wiley-Liss, Inc.
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Reconstruction of the nervous system in the model organ-
ism Caenorhabditis elegans (Ward et al., 1975; Ware et al.,
1975; White et al., 1986; Hall and Russell, 1991) has been of
immense utility in the study of its behavior. In particular,
mapping of the anterior sensory system is critical for under-
standing responses coordinated though specific anterior re-
ceptors, which can have direct consequences for foraging
and feeding (e.g., Kaplan and Horvitz, 1993; Hart et al., 1995;
Sawin et al., 2000; de Bono et al., 2002). An impressive body
of empirical knowledge has been amassed for this model
system, but how far it can be applied to other nematodes is
limited by our understanding of corresponding nervous struc-
tures across taxa. The case for comparative neurology is
especially pressing in clades of parasitic nematodes, in which
host searching and feeding behavior are the basis for species
interactions of serious agricultural and economic concern.

Transmission electron microscopy (TEM) reconstruction of
non-amphid sensory organs in the nematode Acrobeles com-
plexus (Bumbarger et al., 2007) has demonstrated their high
degree of conservation between distant, bacterial feeding

taxa within the order Rhabditida. However, the extension of
this model to plant parasitic nematodes within the order re-
mains to be tested. A sister group relationship has been
established between Cephalobomorpha (including A. com-
plexus) and a clade of the largely plant- and insect-parasitic
Tylenchomorpha (Aleshin et al., 1998; Blaxter et al., 1998;
Holterman et al., 2006; Nadler et al., 2006; Smythe et al., 2006;
Meldal et al., 2007; Bert et al., 2008). This phylogenetic frame-
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work suggests an opportunity for identifying homologies of
anterior neurons and support cells in Tylenchomorpha with
the aid of an intermediate, with which structures should be
more readily recognizable.

To this end, we have conducted three-dimensional (3D)
TEM reconstruction of the anterior sensory anatomy in the
tylenchid nematode, Aphelenchus avenae. Explicit compari-
son is made to similarly detailed reconstructions from two
outgroups, A. complexus in the immediate outgroup Cepha-
lobomorpha and C. elegans in the more distantly related Rh-
abditomorpha. Because of its basal position within Tylen-
chomorpha, A. avenae is particularly well suited as a model for
interpreting morphological transformations with respect to
outgroups (Ragsdale et al., 2008). Understanding the primary
neural interface between these nematodes and their environ-
ment necessarily has implications for host-parasite interac-
tions. Moreover, comparative neurology between Tylen-
chomorpha and its immediate outgroup Cephalobomorpha is
essential for addressing the evolution of parasitism.

The primary motivation for 3D TEM reconstruction of the
sensory anatomy was to test extant molecular phylogenies by
using morphological characters; this work has been con-
ducted as part of a broader laboratory effort to establish a
framework for studying the evolution of feeding morphology,
particularly in plant parasites (Baldwin et al., 2004a,b; Bum-
barger et al., 2006; Ragsdale et al., 2008). In spite of superficial
morphological divergences between various Rhabditida, es-
pecially in the case of Tylenchomorpha, TEM data have re-
vealed several aspects of mouthpart and anterior nervous
morphology to be highly conserved (Bumbarger et al., 2006,
2007, 2009; Ragsdale et al., 2008), providing a potential ave-
nue for discovery of characters informative at levels where
they have been thus far lacking. Herein, results will be pre-
sented in a context of comparative systems neuroscience,
with phylogenetic findings to be developed separately (Rags-
dale, in preparation). The goal of the present work is to pro-
pose anterior sensory homologies necessary for extending
the model of functional and behavioral neurology for C. el-
egans to Tylenchomorpha.

Nematode sensory structures include cuticular sensilla and
internal receptors. Nematode cuticular sensilla fall into five
classes, originally designated for C. elegans (White et al.,

1986): inner labial sensilla (IL), quadrant outer labial sensilla
(OLQ), lateral outer labial sensilla (OLL), cephalic sensilla
(CEP), and amphids. Cuticular surface manifestations vary in
form but are stereotypically arranged in concentric rings of
six, the outer ring including cephalic sensilla and amphids,
with some classes variously absent or not externally ex-
pressed in different nematode taxa. However, despite the
considerable corpus of literature regarding sensory organs in
Tylenchomorpha, including detailed line drawing reconstruc-
tions (Baldwin and Hirschmann, 1973, 1975; De Grisse, 1975,
1977; De Grisse et al., 1979; Endo, 1980; Trett and Perry,
1985), representation of some structures and subtle spatial
interrelationships has not yet been implemented to the extent
offered by 3D computer visualization.

Several types of internal receptors have been described in C.
elegans. Homologous receptors have also been found in A.
complexus, based on extensive positional similarity, but several
differ considerably in their termini and presumably also in their
function (Bumbarger et al., 2007). Preliminary evidence has
shown similarities in the structure of putative homologs of at
least some internal receptors between A. complexus and Tylen-
chomorpha, notably the BAG dendrite and to some extent URY
(Bumbarger et al., 2007; Ragsdale et al., 2008). Although some
internal receptors have been described for some species of
Tylenchomorpha (Endo and Wergin, 1977; De Grisse et al., 1979;
Trett and Perry, 1985), they are not yet sufficiently understood for
adequate comparison with model outgroups. Furthermore, no
detailed study of cuticular sense organs has been conducted on
a nematode in Aphelenchoidea, a major and basal lineage within
Tylenchomorpha (e.g., Holterman et al., 2006; Meldal et al.,
2007). Recent advances in digital imaging and computer soft-
ware for volume segmentation and model rendering offer a fea-
sible approach to complete 3D reconstruction from serial TEM
thin sections. Application of these tools to reconstruction of
nematode sensilla has been demonstrated (Ashton et al., 1995)
and since expanded to present a more detailed holistic picture of
sensory apparati.

MATERIALS AND METHODS
Reconstructions presented herein are based on serial mi-

crograph data used for those of the stylet and anterior epi-

Abbreviations

a inner labial accessory neuron
aa anterior arcade syncytium
ah amphid sheath cell
am amphid
ao amphid socket cell
b BAG sensory neuron
c cephalic sensillum
c1 cephalic dendrite 1 (CEP1)
c2 cephalic dendrite 2 (CEP2)
ch cephalic sheath cell
co cephalic socket cell
f FLP sensory neuron
fb cephalic frame work blade
g guiding apparatus
ha HypA epidermal syncytium
hb HypB epidermal syncytium
hc HypC epidermal syncytium
hd “HypD” epidermal cell
he HypE epidermal syncytium

i inner labial sensillum
i1 inner labial dendrite 1 (IL1)
i2 inner labial dendrite 2 (IL2)
ih inner labial sheath cell
io inner labial socket cell
o outer labial sensillum
o1 outer labial dendrite 1 (OL1)
o2 outer labial dendrite 2 (OL2)
oh outer labial sheath cell
oo outer labial socket cell
pa posterior arcade syncytium
pm stylet protractor muscle
s stylet/stoma
sm somatic muscle
u “unnamed lateral neuron”
x URX sensory neuron
x� URX lateral posterior process
y URY sensory neuron
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dermis of A. avenae (Ragsdale et al., 2008) and thus include
the same individuals and one additional specimen. Cultures of
A. avenae (strain RGD103) were obtained courtesy of Dr.
Robin Giblin-Davis (University of Florida-IFAS, Fort Lauder-
dale, FL) and maintained on Monilinia fructicola in LG potato
dextrose agar medium. Adult, female nematodes were frozen
in a Bal-Tec (Brookline, NH) HPM 010 high-pressure freezer
and then dehydrated, fixed, and stained en bloc via freeze
substitution by using a Reichert-Jung CS Auto freeze substi-
tution apparatus (Reichert, Depew, NY) in an acetone cocktail
of 3% osmium tetroxide and 1% uranyl acetate. Individuals
were processed in custom stainless steel chambers to pre-
vent specimen loss, as described by Bumbarger et al. (2006).
Specimens were embedded in Epon 812 in slide-shaped resin
molds (Giammara and Hanker, 1986), and were screened by
differential interference contrast (DIC) microscopy and docu-
mented in through-focus video vouchers, which were later
used to produce measurements for calibrating dimensions of
the reconstructed model. After the specimens were re-
embedded in blocks, serial silver-gold sections (70 nm thick)
were taken on a Sorvall (Thermo Scientific, Waltham, MA)
MT6000 microtome with a Micro Star (Huntsville, TX) diamond
knife. Sections were poststained with methanolic uranyl ace-
tate and lead citrate.

Sections were imaged by using a Philips (Andover, MA)
Tecnai T12 transmission electron microscope operating at
120 kV. Images were acquired as montages with a Gatan
(Pleasanton, CA) US1000 camera and automatically assem-
bled with DigitalMicrograph (Gatan). Imaging was conducted
at the Center for Advanced Microscopy and Microanalysis
(CFAMM) at the University of California, Riverside. Brightness
and contrast of presented images were adjusted in Adobe
Photoshop (San Jose, CA). Ordered images of serial sections
were converted to the MRC stack format and manually
aligned, individual cell contours were manually traced, and
contour-based mesh models of cells were constructed by
using the software package IMOD (Kremer et al., 1996). Mod-
els were transferred to Blender 2.42 (blender3d.org), an open
source ray tracing, mesh modeling, and animation package,
for final visualization and production of model figures and

animations. All model components visualized herein were re-
constructed from a single specimen alignment, except for the
anterior tips (�5 �m) of IL1, OL2, CEP1, and CEP2, which
were modeled from a composite of two individuals. Four
specimens were sampled to check for intraspecific variation.
Processing methods, including freeze substitution and infil-
tration regimens, are described in greater detail in Ragsdale et
al. (2008).

Sensory anatomy terminology is consistent with that estab-
lished for A. complexus (Bumbarger et al., 2007), which was
based on inferred homologies with cells as named in C. el-
egans (White et al., 1986). Names of cells are thus based on
putative homologies with cells in A. complexus (and, where
applicable, C. elegans). Terminology for anterior epidermis in
A. avenae follows Ragsdale et al. (2008), consistent with that
applied earlier to A. complexus (Bumbarger et al., 2006). Ter-
minology for anterior cuticular structures of Tylenchomorpha,
including A. avenae, is derived from Baldwin and Hirschmann
(1976).

RESULTS
Reconstruction of the sensory anatomy of A. avenae re-

vealed cells that were identified as putative homologs of sen-
sory cells in the nematodes C. elegans and A. complexus.
Hypotheses of homology are based on axial positions of cells,
their spatial relationships with adjacent cells, and, where pos-
sible, the morphology of their anterior and posterior pro-
cesses that are distinctive and cell specific in number, struc-
ture, and position. The positions of sensory cells relative to
the body axis are shown in Figure 1; 3D placement in the head
is also shown for individual neurons (Fig. 2) and their support
cells (Fig. 3). The cuticular sensilla of the head are partitioned
among six similarly sized sectors in a hexaradiate cephalic
framework (Fig. 1, 4A,B; see abbreviations list for all figures).
By composition, lateral sectors are largely equivalent to one
another, as are quadrant sectors. Reconstructions of cuticular
sensilla are thus shown from one (subdorsal, left) quadrant
(Fig. 4C) and one lateral (Fig. 5A) sector, elucidating differ-
ences, where they are apparent, between these sectors within

Figure 1.
En face drawing showing relative positions of cuticular sensilla and internal receptors in A. avenae, A. complexus, and the hermaphrodite of C.
elegans. Broken lines separate six sectors, one lateral and one quadrant of which (shaded) have been fully reconstructed for A. avenae herein.
The top of each diagram is dorsal. Numbers “1” and “2” refer to dendrites (IL1, OL1, CEP1 and IL2, OL2, CEP2, respectively) based on
homologies assigned in the text. Letter codes for this and all subsequent figures are given in the abbreviations list. Information for A. complexus
is redrawn from Bumbarger et al. (2007), and C. elegans from Ward et al. (1975).
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Figure 2.
Individual three-dimensional reconstructions of anterior sensory neurons of A. avenae, shown relative to a simplified representation of the
anterior body wall cuticle and guiding apparatus. View is dorsal. Quadrant reconstructed is left subdorsal. Cell nomenclature (except for
ULN [unnamed lateral neuron]) is consistent with that of White et al. (1986) for proposed homologs of neurons in C. elegans (suffixes for
internal sensory neurons are: L, left; R, right; D, dorsal; V, ventral). Colors of cells are consistent with key in Figure 5F. Long arrows indicate
bases of dendrite cilia; short arrows indicate bases of cilia for accessory processes of IL1. lat, lateral sector; quad, quadrant sector. For
other abbreviations, see list.
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any one class of sensory organ. Internal receptors are shown
from all applicable sectors because of variation observed in
some cases in left/right and dorsal/ventral symmetry. Cilia
have varying numbers of microtubule doublets between and
sometimes within types of sensillum dendrites; internal recep-
tor cilia, where present, all show nine doublets encircling two
single microtubules. Rootlets were observed in all ciliated
dendrites, although they often were not prominent.

Cuticular sensory organs of all five classes penetrate be-
tween epidermal syncytia in the anterior end of the nematode
and terminate among six lips (two subdorsal, two lateral, and
two subventral). Cuticular sensilla include six inner labial sen-
silla, six outer labial sensilla, four cephalic sensilla, and two
amphids (Figs. 1, 4A). In a parallel approach to the corre-
sponding study of A. complexus, detailed reconstruction of
the amphids of A. avenae, which are highly complex relative to
other anterior sensory organs, will be presented separately
(Ragsdale, in preparation); however, positions of amphid sup-
port cells as they relate to other anterior sensory structures
are presented herein. Excluding amphids, all cuticular sensilla
consist each of two dendrites that enter the sensory channel
as well as two support cells, a socket cell, and a sheath cell.
Within their corresponding sheath cells, all ciliated sensillum
dendrites are swollen at the distal end of their basal body, just
proximal to the base of their cilium. Sheath cells also include
abundant endoplasmic reticulum, secretory granules, and/or
lipid globules. The sensillum socket cells are each positioned
between two epidermal syncytia, which are arranged as a
series of rings around the stylet and guiding apparatus and
underlying the labial and body wall cuticle (Ragsdale et al.,
2008). Syncytia HypC and HypE flank the amphid and outer
labial socket cells, whereas the inner labial socket cells are
embedded between HypB and HypC.

Five classes of internal receptors terminating in the head of
the nematode, excluding internal amphid dendrites (Ragsdale,
unpublished), were identified: two lateral/subventral BAG den-
drites; two lateral/subdorsal URX dendrites; four quadrant
URY dendrites; two lateral FLP dendrites; and two “unnamed
lateral neurons” (“ULN”) (Figs. 4A,B, 5B).

Inner labial sensilla
Each inner labial sensillum has two dendrites that anteriorly

penetrate the sheath cell and enter the sensory channel en-

closed by the socket cell. The socket cell penetrates between
the toroids of HypB and HypC and abuts upon the cuticle of
the stylet guiding apparatus (Figs. 4A, 5B,C). The cuticle of the
sensory channel joins that of the guiding apparatus, along
which both inner labial dendrite cilia lie (Figs. 2, 6A–C); the
cuticle-lined cilia are surrounded distally by the HypC syncy-
tium (Fig. 6A–C). The socket cell is an incomplete ring, with its
two sides forming a tight junction (“self-junction”) where they
meet subcuticularly. The first inner labial dendrite (IL1) termi-
nates within the cephalic framework, in its cuticular channel
within HypC. The dendrite IL1 enters the sheath cell from the
dorsal side in the lateral sensilla, or from the dorsal and ventral
sides in the dorsal and ventral quadrant sensilla, respectively.
At this point of entry, a process branches from the dendrite
and wraps obliquely around the socket cell (posteriad and
medially) and sheath cell (anteriad and peripherally) of the
sensillum (Figs. 5A, 6B). The loop formed is incomplete at its
external end, where both sides approach each other but do
not fuse. A variation in symmetry was observed in one spec-
imen, such that the right subdorsal quadrant sensillum has the
dorsal branch of the loop crossing to the left side of the body
to terminate against the left inner labial socket cell. In several
specimens the ventral branch of the left subventral quadrant
sensillum extends a process in the toroid of HypC, connecting
to it through extensive gap junctions (Fig. 6C).

The medial sides of the IL1 loops are attached to and
possibly contain thin-diameter filaments that cross the extra-
cellular space into the cytoplasm of the “wings” of HypB; the
filaments are oriented circumferentially, running in a ring
around the HypB toroid and guiding apparatus (Fig. 7A,B). The
source of these filaments, which are possibly associated with
hemidesmosomes, seems to be HypB, but this is unclear from
current data. From the anterior end of one branch of each IL1
loop (the dorsal branch in the lateral sensilla, the ventral and
dorsal in the dorsal and ventral quadrant sensilla, respec-
tively), a ciliate process extends anteriad and peripherally
(Figs. 2, 5A, 6A). The process of each quadrant IL1 runs
between the sheath cells and then the socket cells of the
quadrant outer labial sensillum and cephalic sensillum, termi-
nating in the pocket of HypC surrounding those socket cells.
The flatter process of the lateral IL1 (Figs. 2, 5A, 7C) extends
between the sheath and then the socket cell of the lateral

Figure 3.
Reconstructions of support (socket and sheath) cells for individual anterior sensilla of A. avenae, shown relative to a simplified representation
of the anterior body wall cuticle and guiding apparatus. View is dorsal. Quadrant reconstructed is left subdorsal. Colors of cells are consistent
with key in Figure 5F. A: Inner labial sensilla of lateral and quadrant sectors. B: Lateral outer labial sensillum. C: Quadrant outer labial sensillum.
D: Cephalic sensillum. For abbreviations, see list.
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Figure 4.
Three-dimensional reconstruction of anterior sensory structures of A. avenae based on serial TEM sections. Color key to cells is given in Figure 5F.
Where possible, colors are consistent with those used by Bumbarger et al. (2007). Neurons are rendered with a rough surface texture; arrows indicate
bases of cilia. A: En face view of all sensory system cells reconstructed herein, with a section of the cephalic framework rendered transparent gray;
BAG dendrites are rendered partially transparent to show complex lamellae in their termini. The terminus of CEP1, marked by line brackets, is shown
where it reticulates across the quadrant sector toward the body axis; CEP2 is shown terminating in a partial spiral with a peripherally directed tip.
Internal receptors on one lateral side and ciliated sensillum neurons are labeled. B: Ventrolateral view of internal receptors BAG, FLP, URX, and URY,
with termini (except that of FLP) embedded in hexaradiate toroid of epidermal syncytium HypC, which is truncated anteriorly and rendered
transparent; a lateral “HypD” cell is displayed in relation to HypC. Long arrow indicates base of BAG cilium and entry of BAG dendrite into
pseudosomal extension of HypC; short arrows indicate URX cilia. C: Dorsal view of left subdorsal quadrant sensory structures. Sheath cells of the
outer labial and cephalic sensilla are rendered transparent to show dendrites within them, including the accessory process (asterisk) of CEP2, a small
accessory process near the base of the cilium of CEP1, and terminal branching of OLQ1. Inner labial socket cell is also rendered transparent.
Arrowhead indicates CEP1 cilium; short arrow, CEP2 cilium; long arrow, OLQ2 cilium. For abbreviations, see list.
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Figure 5.
Three-dimensional reconstruction of anterior sensory structures of A. avenae based on serial TEM sections. Where possible, colors are consistent
with those used by Bumbarger et al. (2007). Neurons are rendered with a rough surface texture; arrows indicate bases of cilia. A: Ventral and medial
(to body axis) view of lateral sector sensory structures with sheath cells of the inner labial and outer labial sensilla rendered transparent to show
dendrites within them, including terminal branching of OLL1; inner labial socket cell is also rendered transparent. Positions of cells, including the
wing-like extension of IL1, are shown relative to the amphid socket cell. The medial loop of IL1 is shown wrapping around the inner labial support cells.
Short arrow indicates IL1 cilium; vertical arrowhead, cilium of IL1 accessory process; horizontal arrowhead, IL2 cilium; long arrow, OLL2 cilium.
B: Dorsal and distal (to body axis) view of internal receptors, shown in relation to the amphid socket (transparent) and sheath (slightly transparent)
cells; position of “HypD” is also shown. Internal receptors are seen through (not within) amphid support cells. Arrowhead indicates ULN cilium; short
arrow, URX cilium. C: Lateral view of quadrant and lateral socket cells of the amphid as well as outer and cephalic sensilla, positions of which are
shown relative to HypD. D: Lateral and distal view of quadrant outer labial sensillum with process (asterisk) of URY within the sheath cell. E: Lateral
and distal view of inner labial sensillum, showing incomplete loop of IL1 and association of the FLP terminus with the sensillum. Inner labial socket
cell is rendered transparent. F: Key to cells in Figures 2–5. Cell name abbreviations are consistent with those used in text. For abbreviations, see list.
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Figure 6.
Transverse TEM sections of anterior sensory structures of A. avenae. Adjacent epidermis, muscles (somatic and stylet protractor), and cuticular
structures are also shown. Top of page is dorsal. A: Slightly oblique section through subdorsal, quadrant sectors of sensory structures and associated
epidermal cells and syncytia within cephalic framework (comprised of guiding apparatus and framework blades). Internal receptors BAG, URX, and
URY terminate within pockets of HypC. The anterior swelling quadrant outer labial sheath cell is shown with internally branching OL1. The medial
self-junction of the outer labial socket cell is shown in oblique section (asterisk). The wing-like process of IL1 extends between the outer labial and
cephalic socket cells. CEP dendrites meet body wall cuticle (shown left in figure) just posterior to crossing HypC transversely. Transverse strands of
“HypD” also connect to outer labial and cephalic socket cells. B: Lateral sensory structures posterior to the framework. Cilium of BAG is within
pseudosomal extension of HypC; the cilium of URX is free (shown anterior to being enveloped by the cephalic sheath cell and posterior to its entry
into HypC). The accessory process of IL1 is shown at the distal, anterior end of its incomplete loop around the inner labial support cells. The fine
branches of OL1 surround the swollen basal body of OL2 (with minor bifurcation) within the outer labial sheath cell. C: Ventral sensory structures just
posterior to the framework, at the same transverse position shown in Figure 6B. The process (asterisk) of the accessory loop of left, subventral IL1
terminates within HypC, connecting through gap junctions. For abbreviations, see list. Scale bar � 1 �m in A–C.
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Figure 7.
Transverse TEM sections of anterior sensory structures of A. avenae. Adjacent epidermis, muscles (somatic and stylet protractor), and cuticular
structures are also shown. Top of page is dorsal. A: Ventral and lateral sensory structures around posterior end of stylet guiding apparatus. The
accessory processes of IL1 are shown at their internal, posterior end of their incomplete loops around their respective inner labial support cells.
Thin-diameter filaments (asterisks) that apparently originate from the accessory loops of IL1, cross the extracellular spaces to the “wings” of
the HypB toroid, which they span to form a “ring” around the guiding apparatus and stylet. B: Filaments (asterisk) within “wing” of HypB toroid.
C: Lateral sensory cells at a position between those of Figure 6A,B and the cephalic framework. The cilium of URX is swollen, shown just
posterior to its branching and entry into HypC. The wing-like process of the IL1 accessory loop extends between amphid and outer labial
support cells. Unnamed lateral neuron connects to amphid socket cell. The somal extension of “HypD” is shown posterior to its transverse
extensions. D: Cephalic sensillum and adjacent subventral cells at the level of the posterior end of the guiding apparatus. Asterisk marks the
prominent, posterior accessory process of CEP2; arrow indicates one of a few minor cell processes of CEP2 (not consistently present across
individual CEP neurons). E: Lateral sector within framework showing lateral branches of URX and URY as well as multiple terminal lamellae of
BAG within HypC. F: Lateral bundle of sensory, epidermal, and arcade cell processes. The cilium of BAG is shown just anterior to its entry into
the pseudosomal extension of HypC, at a level posterior to the framework and guiding apparatus. G: Subventral process bundle, at a level
posterior to the framework and guiding apparatus. H: Posterior part of quadrant outer labial sheath cell, including accessory process of URY,
at a level immediately posterior to the guiding apparatus. I: Connection of FLP terminus, with dense cytoplasm, to inner labial sheath cell, at
the level of the guiding apparatus, just posterior to the framework. For abbreviations, see list. Scale bar � 1 �m in A, C–G,I; 0.2 �m in B.



outer labial sensillum and the amphid socket cell, terminating
with a process in the latter. The second inner labial dendrite
(IL2) has a cilium that extends to the surface of the labial
cuticle, where it terminates in an opening to the external
environment (Figs. 4C, 5A). In the inner labial sheath cells,
internal membranous lamellae and large lipid globules are
common. No accessory dendrites associated with the inner
labial sensilla were observed.

Outer labial sensilla
The outer labial sensilla each have two dendrites that enter

the sensory channel, with the quadrant sensilla sheath cells
also enclosing a process of URY posteriorly. The first outer
labial dendrite (OL1), which lacks a cilium, terminates within
the sheath cell. The terminus of the dendrite is highly
branched (Figs. 2, 4C, 5A, 6A,B, 7C), sometimes appearing
multilamellar. The primary bifurcation of OL1 is at the junction
between the sheath and socket cells, although further anterior
branching is variable. Posterior to this branching, OL1 partially
wraps around the second outer labial dendrite (OL2) within an
electron-dense matrix (Fig. 6C), especially where the latter
swells within the sheath cell (Figs. 4C, 5A). The terminal
branches of OLQ1 are more greatly expanded anteriorly than
are those of OLL1. Correspondingly, the quadrant outer labial
sheath cell extends and remains swollen anterior to its con-
nection to the socket cell (Fig. 4C), accommodating OLQ1 as
well as most of the observed secretory products of the sheath
cell. The sheath cell of each lateral outer labial sensillum is
comparatively small (Fig. 5A), without an anterior swelling, and
with a minimal amount of secretory products in the cytoplasm.
Internal membranous lamellae are absent in all outer labial
sheath cells.

Dendrite OL2 is generally simple in morphology (Fig. 2). In
some cases, OL2 has a small process in the sheath cell in
addition to the main, axial dendrite that emerges anteriad from
the sheath cell (Fig. 4C). The cilium of OL2 enters the cuticle-
lined duct in the socket cell, from which it enters the body wall
cuticle at the base of the lip, midway between the blades of
the framework that define each lip. The terminus of the den-
drite extends anteriad, unbranched, through the labial cuticle
(Fig. 2) and ends within the cuticle a short distance from the
IL1 terminus of the same sector (Fig. 4A,C).

The socket cell meets the labial cuticle between HypC (an-
teriorly) and HypE (posteriorly), forming a self-junction at the
side opposite the dendrite from the cuticle (Fig 6A). A pair of
minor, apparently epithelial cells that do not line the cuticle
(henceforth designated as “HypD”) extend in small strands
transversely from their lateral axial positions. These cells con-
tact all three outer labial socket cells on their corresponding
sides (Figs. 5B,C, 6A). The transverse strands of these cells
terminate dorsally and ventrally where they meet the socket
cells.

Cephalic sensilla
The two cephalic dendrites, CEP1 and CEP2, enter the

sensory channel through the sheath cell (Fig. 7D). Within the
sheath cell, CEP2 has a distinct, posteriorly directed acces-
sory process that separates from the main sensory channel
bundle (Figs. 4C, 7D). The process runs along the sagittal and
distal margin of the sheath cell, persisting posteriad to about
the point of entry of the dendrites into the sheath cell (Fig. 4C).
Additional minor accessory processes are variably present

near the basal bodies of CEP1 and CEP2 within the sheath cell
(Figs. 4C, 7D). The sheath cell of the cephalic sensillum is by
far the most prominent among the anterior sensory organs
(Fig. 3), with also the most extensive internal lamellae (Fig.
7D).

The cilia of both CEP1 and CEP2 enter the socket cell and
ultimately the cuticle. The narrow cephalic socket cell, like
that of the outer labial socket cells, is anchored between
HypC and HypE, but also contacts strands of “HypD” (Figs.
5C, 6A). Both dendrites enter the body wall cuticle at the base
of the lip. Anterior to joining the body wall cuticle, CEP1
extends inward toward the body axis (Figs. 2, 4C), crossing its
corresponding quadrant sector of HypC in the cephalic frame-
work but still enclosed by cuticle. Its terminus is unbranched,
swollen (Figs. 5C, 6A), and filled with microtubules and par-
ticularly osmophilic material (Fig. 6A), terminating blindly just
beneath the labial cuticle. The terminus of CEP2 turns cen-
trally, initially parallel to CEP1, but then in one turn of a spiral
directs peripherally again (Figs. 2, 4A,C) and terminates in a
papilla with an opening to the external environment.

Internal sensory receptors
Five classes of internal sensory neurons were observed

terminating in the head of A. avenae. Four classes were as-
signed putative homologies with respect to C. elegans and A.
complexus (BAG, URX, URY, and FLP); one class (“ULN”) is of
unknown homology.

The two BAG dendrites (Figs. 2, 4A,B, 6A,B, 7E) are the most
prominent of the internal receptors, both axially and at their
termini. They are located subventrally in the lateral bundles of
neurons and syncytial somal extensions. The cilium of each
dendrite is enveloped by one of two long pseudosomal exten-
sions of HypC (Figs. 4B, 7F). The ciliary region of the dendrite
persists anteriorly to a point at which the pseudosomal exten-
sion joins the main body of the HypC toroid. At the level of the
toroid proper, the pair of cilia branch and expand to comprise
a multilamellar complex that fills much of HypC, connecting to
it by gap junctions, in all six sectors of the cephalic framework
(Figs. 4B, 7E). Termini of both dendrites are adjacent in some
sectors; their individual lamellae fold around each other, but
they do not fuse. In at least one specimen (the model recon-
structed herein), the complex of the two dendritic termini
seems to be discontinuous across the right lateral and right
subdorsal sectors. It is not clear whether the precise distribu-
tion of terminal branches among sectors is conserved across
nematode individuals.

The URX dendrites are axially subdorsal (Figs. 1, 4A, 7G),
most consistently associated with the subdorsal cephalic
sheath cells. Where the cephalic sheath cell expands around
its sensory channel, it also envelops URX, which extends
toward a more lateral axial position (Fig. 6B). The cilium of
URX is anterior to its associated cephalic sheath cell, near to
where it becomes embedded in the HypC toroid (Fig. 7C).
Upon entering the HypC toroid, by way of gap junctions, the
URX cilium splits into both a lateral and subdorsal branch,
which terminate blindly within the corresponding sectors of
HypC (Figs. 4B, 6A, 7E).

The four URY dendrites are distributed among the subdor-
sal and subventral process bundles (Fig. 7G), most consis-
tently in proximity to the cephalic sheath cell. Where the
quadrant outer labial dendrites enter their sheath cell, the URY
swells and branches into an accessory process in contact

Research in Systems NeuroscienceThe Journal of Comparative Neurology

625APHELENCHUS AVENAE SENSORY ANATOMY



with the former dendrites in their sensory channel (Figs. 5D,
7H). The accessory process extends only a fraction of the
longitudinal distance of the sheath cell before terminating. In
each quadrant, the main dendritic process is associated with
a branch of the corresponding amphid sheath cell that enters
that quadrant (Figs. 5B, 6A). Each subventral URY dendrite
also branches transversely into the adjacent lateral sector,
where it contacts the lateral part of the amphid sheath cell
(Figs. 5B, 6D). The dorsal URY cells, by contrast, do not have
branches extending to the lateral sectors (Fig. 2). The URY
dendrites terminate anteriorly in pockets of HypC, together
with the amphid sheath cell, in the cephalic framework; they
are variably branched at their absolute termini (Figs. 2, 4A,B).
No cilia are observed in URY.

The putatively assigned FLP dendrites are located in the
lateral pseudocoelomic cords (Fig. 7F), close to the outer
labial sheath and inner labial sheath and socket cells. Their
termini are slightly swollen with dense cytoplasm (Fig. 7I) but
are otherwise unspecialized, lacking a cilium, and ending
deep within the nematode head (Figs. 2, 4B). The terminus
connects anteriorly to a small pocket of the inner labial socket
cell, just anterior to the sheath cell (Figs. 5E, 7I).

Each of the two unnamed lateral neurons are located later-
ally and peripherally in the body, between the lateral epider-
mal cord (HypE anteriorly, both HypE and HypF posteriorly),
somatic muscle dorsally, and, for much of its anterior length,
the amphid medially (Fig. 7C,F). Each unnamed lateral neuron
is simple in morphology, with a short cilium beginning closely
posterior to where it terminates in a shallow indentation of the
amphid socket cell (Fig. 7C).

DISCUSSION
Reconstruction of the anterior sensory anatomy of A. ave-

nae shows a high degree of conservation of sensory struc-
tures with freeliving Rhabditida nematodes. Novel, detailed
modeling shows that several aspects of sensory morphology
and connectivity share a persuasive degree of similarity be-
tween representatives of Cephalobomorpha and Tylen-
chomorpha. Furthermore, extensive similarity with even the
distant outgroup C. elegans allows identification of homolo-
gies necessary for extending testable models of nervous sys-
tem function. Complete reconstruction of anterior cuticular
sensilla and other sensory neurons in A. complexus (Bum-
barger et al., 2007) and C. elegans (Ward et al., 1975; White et
al., 1986) allows a detailed, comparative approach with cor-
responding results for A. avenae presented herein (Table 1).
Conservation of morphology and, to a great extent, axial po-
sition of sensory cells (Fig. 1) facilitates reliable assessments
of homology. In spite of its disparate feeding styles with
respect to other models examined, A. avenae shares a re-
markable amount of conservation in its anterior sensory sys-
tem, corroborating that previously shown between A. com-
plexus and C. elegans (Bumbarger et al., 2007). Knowledge of
numbers, positions, and relative orientation of sensory cells in
A. avenae builds upon previous knowledge of tylenchid sen-
sory anatomy to extend homology proposals throughout Ty-
lenchomorpha.

In addition to establishing a functional systems model of a
tylenchid nematode, TEM reconstruction of the anterior sen-
sory anatomy offers an alternative source of evidence impor-
tant for phylogeny, namely, to resolve the position of Tylen-

chomorpha relative to freeliving outgroups. The present work
demonstrates that, in contrast to characters traditionally im-
portant in Rhabditida taxonomy, the level of conservation of
sensory characters is suitable for resolution of deep level
relationships within the group. Implications of reconstruction
results for systematics of Rhabditida will serve as a test of
congruence between morphology and molecular sequence
data, to be presented separately (Ragsdale, in preparation).

Comparison with freeliving outgroups: cuticular
sensilla

Inner labial sensilla. In A. avenae and both freeliving out-
groups, the inner labial sensilla are characterized by having
two dendrites, one of which (IL1) terminates within the sen-
sory channel of the socket cell, proximal to the exterior open-
ing of the sensillum. However, IL1 differs substantially in both
A. avenae and A. complexus relative to C. elegans in having a
prominent accessory process that branches just proximally to
the cilium and wraps around the internal margin of the sheath
cell. In A. avenae, the process also extends to encircle the
support cells at their external margin, although it does not
form a complete ring. Unique to IL1 of A. avenae is an addi-
tional ciliate process that extends from the loop-like acces-
sory process to associate with the support cells of other
sensilla. In contrast to the relatively elaborate morphology of
IL1 in A. avenae and A. complexus, this neuron in C. elegans
has no process other than the ciliate terminus of the dendrite.

In A. complexus, filaments extending from IL1, through
HypB, and connecting distally to the cuticle of the probolae
and stoma lining were postulated as comprising a “new type
of receptor,” perhaps detecting stretching of the labial cuticle
such as by expansion of the stoma (Bumbarger et al., 2007).
This configuration is not seen in A. avenae. However, the
cuticle forming the probolae in A. complexus is homologous
with that of the guiding apparatus in A. avenae, as inferred
from the position of HypB, the corresponding, underlying epi-
dermis (Ragsdale et al., 2008). Interestingly, where HypB en-
circles the guiding apparatus, filaments that appear to origi-
nate in the accessory processes of IL1 instead span the
compressed “wings” of HypB. These filaments to do not at-
tach to the cuticle but instead form a ring around the guiding
apparatus, possibly fostering mechanical communication be-
tween individual sensilla. Stretching of the guiding apparatus,
as would occur upon protrusion of the tapered stylet, might
uniformly pull upon all IL1 accessory processes in a manner
that converts the processes into simultaneous stretch detec-
tors. An alternative explanation for this band of filaments is
that it is purely mechanical, to aid in guiding the stylet. Al-
though possible roles of the filaments are still speculative, any
functional association of IL1 with HypB (Hyp2 in C. elegans)
would be uniquely shared between A. avenae and A. com-
plexus with respect to examined outgroups, including C. el-
egans, the strongylid (Rhabditomorpha) Nippostrongylus bra-
siliensis (Wright, 1975), and the filariid Onchocerca volvulus
(Strote and Bonow, 1993).

General function of the structurally simple IL2 dendrite as a
chemoreceptor is conserved in all nematodes examined. In
contrast to both outgroups, no “accessory neurons” associ-
ated with the inner labial sheath cells (Ward et al., 1975;
Bumbarger et al., 2007) were observed in A. avenae; the
questionable homology of these cells or cell processes with
respect to Tylenchomorpha remains unresolved.
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TABLE 1. Presence and Characteristics of Homologous Anterior Sensory and Associated Cells in Aphelenchus avenae, Acrobeles complexus, and
Caenorhabditis elegans

Cell name
Cell description (no. of cells)

Distinctive characteristics A. avenae A. complexus C. elegans

IL1 Inner labial dendrite 1 (6) � � �
Ciliated terminus � � �
Mechanoreceptive � � �
Accessory partial loop � � �
Contact with HypB/Hyp2 � � �
Left ventral IL1 with process in HypC � � �
IL1 process filaments through HypB � � �
Filaments proximal to cuticle: � � ?

In ring around stoma cuticle � � ?
Attaching to cuticle � � ?

Second ciliate process � � �
IL2 Inner labial dendrite 2 (6) � � �

Ciliated terminus � � �
Chemoreceptive � � �
Simple, unbranched terminus � � �

Inner labial sheath cell (6) � � �
Inner labial socket cell (6) � � �

Ring formed by self-junction � � �
Inner labial accessory neuron (2–4) � � (4) � (2)

OL1 Outer labial dendrite 1 (6) � � �
Ciliated terminus � � N/A
Terminus within sheath cell � � N/A
Terminus bifurcate � � N/A
Extensive branching within sheath cell � � N/A
OLQ1 more expansive than OLL1 � � N/A
Wraps around OL2 � � N/A

OL2 Outer labial dendrite 2 (6) � � �
Ciliated terminus � � �
Mechanoreceptive � � �
OLQ branching outside sheath cell � � �
Terminus with “nubbin” in cuticle � � �

Outer labial sheath cell � � �
Internal membranous lamellae � � �

Outer labial socket cell � � �
OLQ socket swollen compared with

OLL
� � �

OLQ sockets surround CEP cilia � � �
Ring formed by self-junction � � �

CEP1 Cephalic dendrite 1 (4) � � �
Ciliated terminus � � �
Mechanoreceptive � � �
Blind, swollen terminus � � �
Terminus with “nubbin” in cuticle � � �
Prominent accessory process � � �

CEP2 Cephalic dendrite 2 (4) � � � (CEM)
Ciliated terminus � � �
Chemoreceptive � � �
Presence in female/hermaphrodite � � �

Cephalic sheath cell (4) � � �
Internal membranous lamellae � � �

Cephalic socket cell (4) � � �
Ring formed by self-junction � � �

BAG BAG sensory neuron (2) � � �
Ciliated terminus � � �
Cilium with prominent rootlet � � �
Cilium � 9 doublets � 2 singlet MTs � � �
Associated with epidermis � � �
Base of cilium enters HypC/Hyp3 � � �
Extensive multilamellar terminus � � �
Terminus in quadrant sectors � � �

FLP FLP sensory neuron (2) � � �
Ciliated terminus � � �
Connects to IL socket � � �
Penetrates HypB � � �
Extensive branching of dendrite � � �

URX URX sensory neuron (2) � � �
Ciliated terminus � � �
Branched terminus � � �
Terminus in HypC � � �
Process terminating in amphid socket � � �
Posteriad, lateral arm � � �
Accessory process proximal to cilium � � N/A

URY URY sensory neuron (4) � � �
Ciliated terminus � � �
Branched terminus � � �
Association with BAG � � �
Accessory process in OLQ sheath cell � � �
Association with amphid support cell: � � ?

Amphid sheath � � ?
Amphid socket � � ?

Dorsal pair with lateral extensions � � ?
— Unnamed lateral neuron (2) � URX arm? ? (see text)

Ciliated terminus � ? ?
Terminates at amphid socket � ? ?
Runs between Hyp cord and amphid � ? ?

HypD Epidermis cell D (2) � � �
Lines IL, OL, and amphid sockets � � �
Pair of cells forming a syncytium � � N/A

For abbreviations, see list.
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Outer labial sensilla. Two dendrites comprise each outer
labial sensillum of both A. avenae and A. complexus. In C.
elegans only one (OLL or OLQ, in lateral and quadrant sensilla,
respectively) is present. Based on its conserved, simple ex-
pression, this neuron was considered homologous with what
was named “OL2” (OLL2 and OLQ2) in A. complexus (Bum-
barger et al., 2007). The dendrites OLL1 and OLQ1 (collec-
tively OL1), homologies of which are not known in C. elegans,
lack a cilium and terminate in their sheath cells in both A.
avenae and A. complexus. The terminus of OL1 in A. avenae is
unique in being highly and irregularly branched within the
sheath cell, whereas in A. complexus a single bifurcation is
observed. The distinct wrapping of OL1 around OL2 in a
dense matrix, not observed in A. complexus, may indicate
some enhanced interaction between the two dendrites. The
possible function of such an elaborate, bare terminus is elu-
sive. Conversely, OLQ2 in A. complexus is highly branched
outside of the support cells, whereas none of the OL2 den-
drites have external accessory processes in A. avenae.

A feature conserved with both outgroup taxa is the relation-
ship of OL2 to the labial cuticle as a mechanoreceptor, prob-
ably involved in nose touch response (Hart et al., 1995; Bum-
barger et al., 2007). However, as in A. complexus, the OL2
terminus of A. avenae lacks the additional “cuticular nubbin”
described for C. elegans (Perkins et al., 1986). In A. avenae,
the cilia of both OLL2 and OLQ2 each extend through the apex
of a lip. The coordination between this touch response and
“foraging” behavior would be significant in a plant parasite or
fungal feeder, which, for mechanical reasons, establishes
contact between all lip apices and the root or hypha of its host
before injecting its stylet to feed (Dickinson, 1959; Fisher and
Evans, 1967). The association of the quadrant outer labial
socket cell with the “sensory channel” of the cephalic sensil-
lum is not observed in A. avenae as it is in A. complexus, nor
is there the possibly related discrepancy in size between
quadrant and lateral socket cells.

Cephalic sensilla. In contrast to C. elegans, both A. ave-
nae and A. complexus also have two ciliated cephalic den-
drites. Like its proposed homolog CEP in C. elegans (Bum-
barger et al., 2007), CEP1 of A. complexus and A. avenae
enters and terminates within the cuticle and is presumably
mechanoreceptive. It is conserved in being swollen and highly
osmophilic; as in A. complexus, it lacks an accessory nubbin
in the cuticle. In C .elegans, CEP1 shows a direct response to
the mechanical stimuli of bacterial lawns, which results in
slowed locomotion (Sawin et al., 2000). Analogous functions in
a migrating plant parasite or fungal feeder, such as contact
with host parts, can only be speculated on. The second ce-
phalic dendrite of A. avenae and A. complexus, CEP2, which
has a simple terminus that ends in an open pore, is absent in
hermaphrodites of C. elegans. It was proposed to be the
homolog of CEM (Bumbarger et al., 2007), which is also a
chemosensory neuron but is exclusive to C. elegans males
(Ward et al., 1975).

HypD: an additional epithelial anchor for socket cells.
Associated with the socket cells of the outer labial and ce-
phalic sensilla (and amphids) in A. avenae is an additional pair
of lateral cells, putatively named “HypD.” Based on their spa-
tial relationships to the sensilla and their apparently con-
served axial positions, these cells are proposed to be, collec-
tively, the homolog of the syncytium HypD of A. complexus.

The syncytium, characterized by a thin, incomplete toroid and
two nuclei, is unique to A. complexus among examined taxa.
HypD lacks an identifiable homolog in C. elegans (Bumbarger
et al., 2007).

Comparison with freeliving outgroups: internal
sensory receptors

Internal sensory receptors. Internal receptor neurons
have the most variable termini between outgroup taxa, con-
stituting greater possible divergence in function. However,
despite characters unique to each nematode model, A. ave-
nae and A. complexus share several peculiar, exclusive simi-
larities in these neurons, allowing reliable statements of ho-
mology.

BAG. A prominent similarity between A. avenae and A.
complexus is in the pair of BAG dendrites, characterized by
extensive termini branching into multiple lamellae throughout
the cephalic framework within HypC (Hyp3 in C. elegans). In C.
elegans, the neurons each simply have a slightly flattened,
relatively unspecialized terminus, each ending only in its cor-
responding lateral sector in associated with the epidermis
(White et al., 1986). The shared feature of elaborate branching
in the former two taxa, which was recognized as a putative
homology based on its general morphology and on HypC
epidermis homology (Bumbarger et al., 2007; Ragsdale et al.,
2008), is now confirmed by multiple features of axial and
terminal position and relationships to neighboring cells. The
base of the cilium in both A. avenae and A. complexus is also
conserved in its point of entry into the channel of the corre-
sponding lateral/subventral extension of the HypC toroid. In
both taxa, the regular pattern of the cilium is only observed
through where these extensions posteriorly join the body of
the HypC toroid proper, after which the dendrite branches into
its specialized terminus.

The structure of the BAG cilium itself in A. avenae is clearly
conserved, with both outgroups in having nine doublets sur-
rounding a pair of singlet microtubules as well as a prominent
rootlet. Although the exact pattern of branching in the termi-
nus among sextiles in the framework is not clearly shown to
be identical across individuals, a shared feature between at
least the completely reconstructed models of A. avenae and
A. complexus is a discontinuity in the left, subdorsal “com-
posite” terminus of the two dendrites. However, this apparent
conserved asymmetry requires further sampling to test for
variation. The structure of the BAG termini has been sug-
gested to be analogous to the highly modified, olfactory am-
phid wing cells (AWA, AWB, and AWC), by virtue of their
extensive, internal surface area (Bumbarger et al., 2007). The
type and degree of terminal specialization observed in C.
elegans wing cells is lacking in possible homologs of A. com-
plexus (Bumbarger et al., 2009) and A. avenae (Ragsdale,
unpublished data), congruent with the suggestion that modi-
fied BAG cells may also have assumed an important olfactory
role (Bumbarger et al., 2007).

URX and unnamed lateral neurons. The two URX den-
drites are positioned generally between the cephalic sheath
cells and amphids in all observed taxa (Fig. 1); in at least A.
avenae and A. complexus, they are more closely associated
with the former. However, in contrast to C. elegans, URX has
a cilium and splits into multiple processes in both A. avenae
and A. complexus. Also, in these two taxa, the ciliate pro-
cesses of URX have branches terminating in pockets of the
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amphid socket cell. An accessory process proximal to the
cilium, as described for A. complexus, is absent in A. avenae.
The lateral, posterior arms of URX in A. complexus are also
lacking in A. avenae.

Interestingly, another pair of dendrites (“ULN”) in A. avenae
occupies the exact axial position of these arms, including their
spatial relationships to neighboring cells (epidermal cord and
dorsolateral somatic muscle). In A. complexus the “puzzling”
lateral arms of URX could not be traced to their posterior
ends, and it is possible that these may extend to cell bodies,
in which case they would be a case of syncytial dendrites.
Near the branching of URX in A. complexus, the posterior arm
notably runs adjacent to the unciliated branch of URX for
some distance before their fusion, which is also unusual for
single dendrites. The association of URX with the amphid
socket cell in A. complexus is comparable to that of the ULN
terminus in A. avenae, suggesting the possibility of conserved
association, despite the lack of connections between URX
and ULN in A. avenae. A function of URX in C. elegans is
oxygen sensation, particularly in the pseudocoelomic fluid
(Gray et al., 2004; Cheung et al., 2005; Chang et al., 2006),
possibly as part of a network with other oxygen sensors (AQR,
PQR) to compare oxygen levels across the body (Rogers et
al., 2006). If this function is conserved, the extensive junctions
of the terminal branches of URX to the toroid of HypC, as
observed in A. avenae, may indicate greater sensitivity to
external stimuli. It is possible that the embedded termini as-
sess ambient oxygen encountered as it diffuses directly into
the anterior epidermis. Given the well-characterized signal
transduction pathways with URX in C. elegans, the morpho-
logical divergence of these neurons marks an interesting av-
enue for further experimental research.

Several candidates for homologs of ULN based on the
nervous anatomy of C. elegans (White et al., 1986) can be
speculated on. Based on similarity of axial position, one can-
didate is ALM, which is a lateral pair of neurons that also
extend along the dorsal edge of the lateral hypodermal cords,
are closely apposed to the cuticle, and are mechanoreceptive
(Chalfie and Thomson, 1982), but that only extend to the base
of the pharyngeal procorpus. However, the prominence of
microtubules signifying a similarity in function with ALM was
not observed in A. avenae. Another possibility for homology
with C. elegans is the pair of lateral URB interneurons, which
in C. elegans are not ciliated and taper near the base of the
stoma without terminal specializations. However, similarity in
axial position is only approximate, as URB lie in the lateral
nerve bundles, a position internal to that observed in A. ave-
nae.

A third candidate for homology of ULN is AUA. Although
AUA of C. elegans lacks a cilium, the proposed homolog of
AUA in A. complexus and Strongyloides stercoralis (Ashton et
al., 1995), ASA, has a “degenerate” cilium similar to that of
ULN in A. avenae. Homology with AUA would include the
possibility of sharing characterized functions in social feeding
behavior (Coates and de Bono, 2002), a prospect with inter-
esting implications for a plant parasitic lifestyle. In the case of
homology with AUA, the possibility of homology of ULN with
the posterior “extension” of URX in A. complexus would nec-
essarily be rejected. Testing this possibility will require com-
plete reconstruction of the amphid of A. avenae (Ragsdale, in
preparation).

URY. The URY dendrites of A. avenae are similar to those
of both model outgroups in lacking cilia and terminating in
pockets in the anterior epidermis that is definitely HypC in A.
avenae and A. complexus. The elaborate terminal branching,
although less extensive in A. avenae than in A. complexus,
also seems to be a shared feature among all three examined
taxa, with branching in C. elegans informed by confocal fluo-
rescence microscopy (Aronoff et al., 2004). Differences in
branching in A. avenae with respect to A. complexus are the
general but not complete lack of prominent posterior projec-
tions, their lateral extensions in the subdorsal pair, and their
association with BAG. The association of the terminal
branches of URY with the anterior projections of the amphid
sheath is peculiar to A. avenae. Although this configuration is
precluded in A. complexus by the lack of such projections of
the amphid sheath cell (Bumbarger et al., 2009), the lateral,
posterior branch processes of URY are in contact with the
amphid socket cell. Shared association of URY with an am-
phid support cell in both nematodes may indicate a loosely
conserved connectivity to the sensillum or its internal environ-
ment. Because the sensory modality of URY is unknown in C.
elegans, it is difficult to explain the possible purpose of this
dorsal-ventral asymmetry in A. avenae. Also unique to A.
avenae is the anterior accessory process that enters the sen-
sory channel of the quadrant outer labial sensilla.

FLP. The FLP dendrites, as identified in A. avenae, are not
ciliated and have simple termini as in A. complexus; this
contrasts with C. elegans, in which FLP has a cilium. The axial
position of these neurons, including their proximity to labial
sensillum support cells, lends support to their homology, al-
though positional similarity is not exact. As in C. elegans, their
termini are associated with the lateral inner labial socket cells
in A. avenae, but not with the HypB toroid as in A. complexus.
The termini of these dendrites deep within the body suggest
that, as in A. complexus, they are likely to lack the homolo-
gous mechanosensory function important in C. elegans
(Kaplan and Horvitz, 1993). Reduction of function is supported
by the absence of the terminal branching that is strongly
characteristic of FLP in C. elegans.

Comparison with other Tylenchomorpha
Notwithstanding much previous and informative ultrastruc-

tural research on sensilla in Tylenchomorpha, detailed com-
parison of A. avenae with previously studied taxa is in many
cases precluded by technical differences. Many cells and their
sometimes highly elaborate components can be thin, indis-
tinct, or otherwise hard to trace. Novel specimen preparation
and computer-based reconstruction has allowed unparalleled
characterization of sensory structures, including those not
previously described, as well as their relationships to each
other and other tissues. In the present study, a model taxon
has been chosen explicitly based on its phylogenetic position;
a nematode representing a basal lineage (Aphelenchoidea) of
Tylenchomorpha by both molecular and morphological (Sid-
diqi, 1980; Maggenti, 1981) accounts is deemed optimal for
polarization of characters when they are variable across other
tylenchids. Where it is possible to make them, comparisons
suggest the general conservation of the sensory anatomy in
Tylenchomorpha. Clearly established differences between A.
avenae and other studied Tylenchomorpha may in some
cases be considered a function of their interrelationships
(Fig. 8).
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Cuticular sensilla. As in outgroups, in all Tylenchomorpha
examined the inner labial sensillum contains two dendrites,
with one (IL1) terminating proximally to the cuticular terminus
of the other (IL2). The sensilla always lie peripheral to the
guiding apparatus and are externally exposed in cuticular
pores surrounding the stomatal opening. Despite the appar-
ent high degree of conservation of this sensillum, whether
some components, particularly the distinct loop of IL1 and its
lateral ciliate extension, are conserved throughout Tylen-
chomorpha is still unknown. Further specialization of this den-
drite in tylenchids might be anticipated given its recognizable
divergence at least relative to outgroups.

The expression of the outer labial dendrites is variable
across Tylenchomorpha, with no more than one being ob-
served in the cephalic cuticle. In some taxa, including males of
Meloidogyne incognita (Meloidogynidae; see Fig. 8 for phylo-
genetic placement of taxa) (Baldwin and Hirschmann, 1973)
and second stage juveniles (Endo and Wergin, 1977) as well
as Tylenchulus semipenetrans (Criconematoidea) (Natasas-
mita and De Grisse, 1978), the outer labial sensillum is appar-
ently absent. Its presence in Pratylenchus (Pratylenchidae)
(De Grisse, 1977; Trett and Perry, 1985), putatively comprising
a monophyletic clade with Meloidogyne (Holterman et al.,
2006; Subbotin et al., 2006), implies possible multiple losses
of this feature. Baldwin and Hirschmann (1975) noted the
presence of a second, internal outer labial dendrite (OL1)
terminating internally within Heterodera glycines (Heteroderi-
dae), lending support to the conservation of this more elusive

neuron in other Tylenchomorpha. More complete sampling of
the presence of OL1 throughout the group would provide a
more rigid test of its apparent plasticity.

Cephalic sensilla in Tylenchomorpha, as in outgroups, al-
ways have at least one dendrite (CEP1) terminating within the
cuticle to function as a mechanoreceptor. The dendrite has a
swollen terminus that is filled with a characteristic osmophilic
substance and extends anteriad in an arc through the outer
cephalic cuticle. A second cephalic dendrite (putatively CEP2)
has also been found in tylenchids sensu stricto, but always
terminates deeper within the cephalic framework. In Anguina
and Ditylenchus (“Anguinidae”) as well as Tylenchorhynchus
and Macrotrophurus (“Belonolaimidae”) the second cephalic
dendrite apparently extends beyond its basal body (De Grisse,
1977); in Heterodera, Pratylenchus, and various Hoplolaimi-
dae it lacks a cilium (De Grisse, 1977; Trett and Perry, 1985); it
is completely absent in Criconematoidea (De Grisse, 1977)
and Meloidogyne incognita (Baldwin and Hirschmann, 1973).
However, in Aphelenchoides fragariae (Aphelenchoidoidea), a
second cephalic dendrite terminates in a pore in the cuticle
(De Grisse et al., 1979), as in A. avenae and A. complexus. The
apparent decreased reliance on this chemosensory neuron in
more apical plant parasites, with respect to basal, fungal
feeding taxa, may reflect a real trend in the evolution of spe-
cialization. Interestingly, this reduction contrasts with the ex-
pression of inner labial chemoreceptors, IL2, which are
present throughout Tylenchomorpha. In the case of functional
redundancy of these chemoreceptors, the position of the in-
ner labial pores immediately around the stomatal opening may
signify greater utility for chemoreception than other anterior
receptors, especially during feeding. Characterization of IL2
and, where present, CEP2 in Tylenchomorpha would be re-
quired to test their relevant functional importance.

Internal sensory receptors. The most often noted internal
receptors are the conspicuous termini of the BAG dendrites.
These were explicitly described as sensory termini (“acces-
sory axons”) in Meloidogyne (Endo and Wergin, 1977), and
found to be continuous across framework sectors in Aphelen-
choides (De Grisse et al., 1979) and Pratylenchus (Trett and
Perry, 1985). Although numbers of cilia with elaborately ante-
rior branches reportedly have differed, lateral dendrites inter-
nally adjacent to the amphid bundles in Meloidogyne and
Pratylenchus are likely to be homologous with BAG; this is
supported by the close association of the two prominent,
lateral cilia with the epidermis (presumably HypC) in the
former. Quadrant dendrites observed in all cases may be URX,
URY, or both, although further study will be required for thor-
oughly characterizing these more elusive receptors in other
Tylenchomorpha.

Expanding models of experimental neurology in
nematodes

Understanding homologies of the sensory system in Tylen-
chomorpha with respect to C. elegans opens the possibility
for extending this well-established experimental model.
Knowledge of behavior patterns in C. elegans, grounded in a
thorough understanding of neural networks and connectivity
(Ward et al., 1975; Ware et al., 1975; White et al., 1986), offers
an advanced stepping-off point for experimental neurology in
Tylenchomorpha. The utility of A. avenae in particular as a
model is underscored by its ready availability and ease of
maintenance in culture. Adaptations of the sensory system in

Figure 8.
Summarized phylogenetic tree of Tylenchomorpha and outgroups.
Relationships among Tylenchomorpha are a summarized consensus
of phylogenies from Subbotin et al. (2006) and Bert et al. (2008).
Relationships between infraorders represent a consensus of phylog-
enies from several phylum-wide analyses (Aleshin et al., 1998; Blaxter
et al., 1998; Holterman et al., 2006; Smythe et al., 2006; Meldal et al.,
2007; Bert et al., 2008), although placement of the root varies between
some analyses. Taxa in bold are those including models with fully
reconstructed sensory anatomies; taxa on dashed branches belong to
“Tylenchomorpha.” Names of taxa within Tylenchomorpha are from
the classifications of Hunt (1993) and Siddiqi (2000), whereas infraor-
dinal level names (-morpha) are from De Ley and Blaxter (2002);
“tylenchids sensu stricto” designates all non-aphelenchid Tylen-
chomorpha. Higher taxa represented by the names are simplified to
not include outlying members with different phylogenetic positions. *,
A taxon that is putatively paraphyletic, but whose genera discussed in
the text fall into the positions indicated on the tree.
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this group, which includes the most species and most spe-
cialized of plant parasitic nematodes, necessarily has impli-
cations for the evolution of parasitism. Empirically targeting
individual neurons, particularly those of unknown or specula-
tive function, may shed light on more specific aspects of plant
parasitic nematode behavior at the interface with its host.
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