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Abstract
Amphid sensilla are the primary olfactory, chemoreceptive, and thermoreceptive organs in
nematodes. Their function is well described for the model organism Caenorhabditis elegans, but it
is not clear to what extent we can generalize these findings to distantly related nematodes of medical,
economic, and agricultural importance. Current detailed descriptions of anatomy and sensory
function are limited to nematodes that recent molecular phylogenies would place in the same
taxonomic family, the Rhabditidae. Using serial thin-section transmission electron microscopy, we
reconstructed the anatomy of the amphid sensilla in the more distantly related nematode, Acrobeles
complexus (Cephalobidae). Amphid structure is broadly conserved in number and arrangement of
cells. Details of cell anatomy differ, particularly for the sensory neurite termini. We identify an
additional sensory neuron not found in the amphid of C. elegans and propose homology with the C.
elegans interneuron AUA. Hypotheses of homology for the remaining sensory neurons are also
proposed based on comparisons between C. elegans, Strongyloides stercoralis, and Haemonchus
contortus.
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Early in the development of Caenorhabditis elegans as a model organism, the anatomy of the
nematode's primary sensory organs, the amphids, was described in considerable detail (Ward
et al., 1975; Ware et al., 1975). Amphids are paired lateral sensory structures at the anterior
end of the worm, typically composed of 12 or 13 sensory neurites and two support cells each.
Subsequent work has dissected the behavioral function of individual amphid neurites and their
associated neural networks in considerable detail (e.g., Perkins et al., 1986; Mori and Ohshima,
1995; Chang et al., 2006; Chalasani et al., 2008). Additional anatomical descriptions based on
serial section transmission electron microscopy (Ashton et al., 1995; Li et al., 2000a, 2001)
and functional studies using laser cell ablation (Ashton et al., 1998, 2007; Li et al., 2000b;
Bhopale et al., 2001; Forbes et al., 2004; Ketschek et al., 2004; Nolan et al., 2004) have been
conducted in the vertebrate parasites Strongyloides stercoralis, Haemonchus contortus, and
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Ancylostoma caninum. Although classified in the order Strongylida, molecular phylogenies
(Kiontke and Fitch, 2005; Meldal et al., 2007) place them in the family Rhabditidae, to which
C. elegans also belongs. This clade represents just a small portion of nematode biodiversity
and it is not clear how much we can generalize these findings to more distantly related
nematodes of economic, health, and agricultural importance. Homologs for most individual
amphid neurons were identifiable between these three taxa, and in most instances evaluated,
the basic function of each neurite examined is phylogenetically conserved.

In an effort to expand our understanding of nematode sensory function, we have described the
anatomy of a more distantly related nematode, Acrobeles complexus, a globally distributed
microbial feeding species in the family Cephalobidae (Cephalobomorpha). This family and its
infraorder are closely related to the Tylenchomorpha, a group that includes the majority of the
plant parasitic nematode species. It is easier to culture and study than parasitic forms, and as
such represents a good platform for extending our knowledge of sensory function in the model
organism C. elegans to more distantly related groups.

Herein we describe the anatomy of the amphids of adult hermaphrodite and first-stage juveniles
of A. complexus. We constructed a 3D computer model of the adult hermaphrodite amphid in
order to examine details of cell shape that likely correlate with functional differences between
taxa. Hypotheses of homology are proposed for individual cells between A. complexus, C.
elegans, S. stercoralis, and H. contortus.

Materials and Methods
Acrobeles complexus strain jb-132 was cultured on water agar with 0.02 mg/mL cholesterol.
Bacteria transferred with the worms multiplied sufficiently to act as a food source. Copper
specimen carriers were filled to capacity with nematodes and frozen with a Bal-Tec (Balzers,
Liechtenstein) HPM 010 high-pressure freezing apparatus. Freeze substitution was carried out
in acetone with 4% osmium tetroxide and 1% uranyl acetate using a Reichert (Depew, NY)
CS Auto freeze-substitution apparatus. Specimen carriers were placed in custom chambers to
prevent specimen loss (Bumbarger et al., 2006) and were then embedded in slide shaped resin
molds (Giammara and Hanker, 1986) using Pelco (Clovis, CA) Eponate-12 embedding media.
Individuals were observed first under the light microscope to check specimen preservation,
then cut from the epoxy resin slide with a rotary cutting tool and either reembedded in a
conventional block mold or attached to empty blocks with cyanoacrylate adhesive with the
specimen in an appropriate orientation.

Serial sections ≈75 nm thick were obtained on a Sorvall (Wilmington, DE) MT6000
ultramicrotome and collected on pioloform films fixed to Synaptek wide slot grids. Sections
were poststained with methanolic uranyl acetate and lead citrate.

Material was observed with a Phillips (Mahwah, NJ) Tecnai 12 transmission electron
microscope operating at 120 KV at the Center for Advanced Microscopy and Microanalysis
at the University of California, Riverside. Montaged digital images were taken with a Gatan
(Pleasanton, CA) US1000 camera.

Four specimens were examined, each with two amphids. Two adult females were sectioned
transversely, one adult female was sectioned longitudinally, and one first-stage juvenile was
sectioned transversely.

Tiff image stacks were produced using ImageJ (http://rsb.info.nih.gov/ij/) and then imported
into the Imod software package (Kremer et al., 1996) for contour-based volume segmentation
and meshing. Mesh models for individual cells were exported in the vrml file format. Errors
in the mesh were fixed and both still images and movies were rendered with Blender 2.37
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(www.blender3d.org). Figures were finalized, including adjustments to contrast and
brightness, in Adobe Photoshop (San Jose, CA) CS3.

Results
The amphid of Acrobeles complexus consists of 13 sensory neurons (Figs. 1–3), 12 of which
enter a sensory channel formed proximally by a sheath cell and distally by a socket cell. The
amphid is ≈15 μm long, as measured from the sensory channel opening in the cuticle to the
adherens junctions where the sensory neurites enter the socket cell. The sensory channel exits
to the outside environment through an opening between the HypD and HypE epidermal cells
and the body wall cuticle.

The anterior sensory channel is lined by cuticle and formed by a self-junction of the socket cell
(Fig. 4A). There are no self-junctions in the sheath cell. All dendrites entering the sensory
channel do so through a common opening in the sheath cell (Fig. 1C). Near the transition zones
of the sensory cilia a small number of lamellar invaginations of the sheath cell membrane occur
in the sensory channel. At the point where the sensory dendrite ASK enters the sensory channel,
multiple lamellar projections of the sheath cell wrap around the dendrite (Figs. 1B, 4G).
Electron transparent vesicles surround this region.

The anterior region of the sheath cell contains a variable number of relatively electron-
transparent vesicles, some of which fuse with the membrane forming the sensory channel. One
individual represents an extreme version of this feature, with the sensory channel greatly
enlarged in both the left and right amphids, presumably by the product contained in these
vesicles (Fig. 4F,G).

The 12 neurites that enter the sensory channel have either one or two sensory cilia. All neurites
that enter the sensory channel form cilia just distal to the band of adherens junctions. The
transition zone of these cilia consists of an outer ring of nine microtubule doublets (Fig. 4B).
Radial arms extending interior from each doublet terminate in singlet microtubules. Distal to
the transition zone single microtubules extend toward the sensory opening in the cuticle. All
amphid cilia have rootlets proximal to the transition zone, although they are generally not robust
and sometimes difficult to observe. The arrangement of cell processes is shown in transverse
sections at various points in the sensory channel of the sheath cell (Fig. 1). The morphology
of individual neurites is variable, particularly proximal to the transition zone. Only features
that are observed in multiple amphids are discussed.

Names for neurites in A. complexus are based on the position in the sensory channel compared
to S. stercoralis, the closest relative of A. complexus for which data are available.

Five sensory neurites, here named ASB, ASG, ASH, and ASJ, have a simple morphology with
a single cilium terminating near the amphid opening. The neurite ASA enters a belt of adherens
junctions with the other neurites, but does not form a cilium or project significantly into the
sensory channel (Figs. 1A–C, 4H). It forms a junction with the sheath cell for a longer segment
than other cells (Fig. 4H). Although it lacks a well-organized cilium, it does express a ciliary
rootlet (Fig. 4H) and at the tip expresses a ring-like structure consistent with being a partially
formed transition zone. ADC forms two cilia (Figs. 1E, 3C), with the one further from the
pharynx having a more prominent swelling near the transition zone (Fig. 3E). Proximal to
entering the sheath cell, AFD exhibits a prominent swelling. Distal to adherens junctions with
the sheath cell it forms a bulbous swelling of the cell membrane, from which originate 400–
500 microvilli and two sensory cilia that terminate in the sensory channel (Figs. 1B–D, 2, 3A,
4E,H). In the center of this swelling the cytosol has a granular appearance. One or more
mitochondria are also located in the swelling (Fig. 1B). Microvilli have a prominent actin
cytoskeleton and a cell membrane that stains more clearly than surrounding cells (Fig. 4C).

Bumbarger et al. Page 3

J Comp Neurol. Author manuscript; available in PMC 2009 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.blender3d.org


Osmophilic patches in the cytosol associate with the cell membrane and are not found elsewhere
in the cell. Many of the microvilli terminate in pockets of the sheath cell, while others terminate
between dendrites in the sensory channel. AFD and its associated microvilli are situated ventral
to the sensory channel (Figs. 1B–D, 2). ASE has a globular swelling proximal to the transition
zone (Fig. 3D). This swelling rests between the two cilia of ADC (Fig. 2). ASF expresses a
globular swelling just proximal to the transition zone. From this swelling extends the cilium
as well as a short accessory process that terminates in a pocket of the sheath cell (Figs. 2, 3A).
Proximal to the band of adherens at the posterior opening of the sheath cell, ASF exhibits a
lamellar morphology that wraps partially around ASI. ASI expresses a prominent swelling in
the sensory channel, proximal to the transition zone, from which extend multiple finger-like
extensions (Fig. 3F). These do not have the distinctive cell membrane found in those of AFD.
Proximal to entering the sheath cell, ASI neurites have an accessory process of highly variable
morphology. In the individual used to produce the 3D model, ASK has a simple morphology
on the left side, but expresses multiple lamellar processes in the sensory channel proximal to
the transition zone in the right side, essentially filling in the gaps between other dendrites. The
sample size is too small to infer a consistent asymmetry in morphology. ASL has a single cilium
morphology in the sensory channel and has a flattened morphology where it touches the
opening of the sheath cell. ASM has a variable morphology with respect to the presence or
absence of lamellar processes in the sensory channel proximal to the transition zone. In one
amphid ASM was missing, although adherens junctions present in the appropriate location
indicate a developmental defect.

The amphid of the first-stage juvenile (J1) is ≈12.5 μm long, as measured from the sensory
channel opening in the cuticle to the adherens junctions where the sensory neurites enter the
socket cell. All dendrites present in the adult also appear in the J1 (Fig. 5) and are similar in
appearance, with a few exceptions. The finger cell AFD has ≈75–100 microvilli embedded in
the sheath cell. The membrane of the finger cell microvilli did not have the distinctive
appearance as described for the adult. The small projection of ASF that is embedded in the
sheath cell in the adult is also observed in the J1. The dendrite ASI in the J1 does not have the
highly modified appearance of the adult and lacks the finger-like projections as well as a
prominent accessory process. Although highly variable, doublet microtubules generally extend
much further anteriad from the transition zone than they do in the adult, with some visible in
the region of the sensory channel formed by the socket cell. The sheath cell is less complex
where the dendrites enter the sensory channel and from it lamellar projections extend that wrap
around ASK.

Discussion
The anatomy of the amphid sensilla in the model organism, C. elegans, has been described in
detail (Ward et al., 1975; Ware et al., 1975). Homology of individual sensory dendrites is not
understood for most other nematodes, hindering our ability to generalize our findings in C.
elegans to species of medical, agricultural, and ecological importance. Here we describe
amphids in the microbial feeding nematode, A. complexus (Cephalobidae, Nematoda) and
propose hypotheses of homology for individual dendrites, based on the spatial relationships
between cells and the details of morphology, with those of C. elegans and the parasitic
nematodes S. stercoralis and H. contortus.

A stereotypic spatial arrangement of amphid sensory dendrites at both the anterior and posterior
sensory channel openings in the sheath cell has been described for the adult hermaphrodite, J2
(second-stage juvenile) and dauer in C. elegans (Albert and Riddle, 1983; Ward et al., 1975;
Ware et al., 1975), the J3 of S. stercoralis (Ashton et al., 1995), and both the J1 (Li et al.,
2000a) and J3 (Li et al., 2001) stages of H. contortus (Fig. 6). The relative positions of dendrites
within the amphid neuron bundle are consistent between individuals. Laser ablation studies
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have shown that the general function of individual amphid dendrites is in some cases conserved
between animals that are separated by hundreds of millions of years of evolution (Ashton et
al., 1998, 2007; Forbes et al., 2004; Ketschek et al., 2004; Nolan et al., 2004). The implication
of these observations is that an understanding of amphid cell homology between C. elegans
and other nematodes can greatly facilitate the study of specific behaviors in distantly related
groups.

Individual amphid sensory dendrites can terminate in either a single cilium or paired cilia. The
number with paired cilia varies from zero in S. stercoralis (Ashton et al., 1995) to three in H.
contortus (Li et al., 2000a). In A. complexus there are two such dual ciliate sensory endings,
ADC and the finger cell AFD (Figs. 1E, 3A,E, 4E). The dual ciliate nature of the A.
complexus finger cell is interesting in the light of similar observations for plant parasitic
Tylenchomorpha nematodes (Baldwin and Hirschmann, 1973). Caenorhabditis elegans, H.
contortus, and S. stercoralis all have single ciliate finger cells. Recent phylogenetic studies
propose a close relationship between the Tylenchomorpha and the Cephalobmorpha, to which
Acrobeles belongs (Blaxter et al., 1998; Holterman et al., 2006; Meldal et al., 2007). This may
represent a synapomorphy for the clade comprised of these taxa.

Cilia in nematodes differ from those in other phyla in that they are exclusively nonmotile and
a fully formed basal body has not been observed. They retain other features, such as a ciliary
rootlet and a ring of doublet microtubules, the ciliary necklace (Wright and Carter, 1980;
Perkins et al., 1986) anchored to the cell membrane. Perkins et al. (1986) termed these modified
basal bodies the transition zone. The amphid cilia of A. complexus are very similar to those of
C. elegans. The transition zone is defined by an outer ring of nine doublet microtubules and
an inner ring of singlet microtubules usually found directly opposite each doublet. The
morphology of the transition zone has been shown to be variable among nematodes.
Haemonchus contortus has 10 outer doublet microtubules (Li et al., 2000a), and the plant
parasitic nematode, Heterodera glycines, has just eight (Endo, 1980). The cilia of another plant
parasitic nematode, Meloidogyne incognita, can vary between four and seven doublets,
depending on the particular sensory neurite (Endo and Wergin, 1977). The much more distantly
related nematode, Xiphinema americanum, also has nine doublets (Wright and Carter, 1980),
and as cilia in most organisms also have nine doublets this is the likely ancestral state for
nematodes. The internal ring of singlet microtubules can also be quite variable, with none found
in X. americanum and only four found in H. glycines. The functional consequences of variation
in cilium morphology have not been examined. The cytosol inside a cilium is largely
compartmentalized from the rest of the cell, and in sensory cilia it may be that microtubules
serve primarily to facilitate intraflagellar transport (for review, see Scholey, 2003). The number
of microtubules could influence the efficiency of this process.

The finger cell has been shown to have an evolutionary conserved function as a thermoreceptor
(Perkins et al., 1986; Li et al., 2000b; Bhopale et al., 2001; Nolan et al., 2004). In A.
complexus the cell membrane of finger cell microvilli has a distinct appearance as compared
to the membrane in other regions of the cell (Fig. 4C). It is possible that they are
compartmentalized from the rest of the cell. The microvilli in the J1 of A. complexus do not
appear to exhibit this modified membrane morphology and thus may differ functionally from
the adult.

The position of the finger cell microvilli in relation to the sensory channel has undergone a
significant shift within the nematode class Chromadorea. In representatives of this class, H.
contortus (Li et al., 2000a) and C. elegans (Ward et al., 1975), the microvilli are dorsal to the
sensory channel, while in A. complexus (Figs. 1C, 2) and S. stercoralis (Ashton et al., 1995)
they are ventral.
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The number of dendritic processes entering the amphid differs among these four taxa, with
either 12 (C. elegans and H. contortus) or 13 (S. stercoralis and A. complexus) (Fig. 6). We
propose that the dendrite that accounts for this difference is the homolog of ASA found in both
A. complexus and S. stercoralis (Figs. 1B, 3F, 6). ASA has a distinctive morphology and does
not fully enter the sensory channel, terminating instead in the band of adherens junctions at the
posterior end of the sheath cell sensory channel (Fig. 4H). Only a small region of the cell
membrane is exposed to the outside environment through the sensory channel. Although it
does not have a fully formed cilium, it does contain filaments that appear similar to the ciliary
rootlets (Fig. 4H) found in other dendrites, and what appears to be a ciliary necklace without
microtubules. Interestingly, in a description of the J1 of H. contortus (Li et al., 2000a) a dendrite
of similar position and morphology is apparent in figures but not discussed, and it is not
observable in the J3 (Li et al., 2001).

Although the homolog of the A. complexus ASA dendrite is likely not one of those present in
the adult C. elegans amphid sensory channel, the highly conserved identity of other cells
between A. complexus and C. elegans (Bumbarger et al., 2006, 2007) makes it likely that the
cell is present in C. elegans but expressed differently and not directly associated with the
amphid sheath cell. Amphid anatomy has not been described for the first larval stage of C.
elegans. It is possible that it follows a similar pattern to H. contortus, in which the unnamed
homolog of ASA in A. complexus is expressed only in the J1 but subsequently is lost from the
amphid. AUA, a bilateral pair of dendrites found in the amphid bundle of C. elegans but not
directly associated with the amphid glial cells (White et al., 1986), is the most likely candidate
for an A. complexus ASA homolog. AUA in C. elegans is known to function in association
with social feeding behavior (Coates and de Bono, 2002; Cheung et al., 2004) and as an
interneuron involved with oxygen sensation (Chang et al., 2006). These observed functions
provide a basis for testing hypotheses of homology proposed here. It may have switched
between sensory receptor and interneuron roles and would thus be an interesting study system
for understanding the evolution of sensory neuron function. The amphids of C. elegans J1 have
not been described. It is possible that they are similar to H. contortus in having a 13th dendrite
only in the J1 stage.

The amphid wing cells AWA, AWB, and AWC dendrites are among the most well-
characterized and functionally important sensory dendrites in C. elegans (Troemel et al.,
1997; L'Etoile and Bargmann, 2000; Bargmann, 2006; Torayama et al., 2007; Chalasani et al.,
2008). They are the primary olfactory receptors and are associated with specific
chemoattraction and chemorepulsion responses. Despite their importance, it is not well
understood what their homologs are in other nematodes. As discussed above, the ASA dendrites
in S. stercoralis and A. complexus are unlikely to be homologs of AWA in C. elegans.
Assignment of homology is complicated by a more anteriad position for three amphid dendrite
nuclei in S. stercoralis (Ashton et al., 1995) and the highly derived and elaborate AWA termini
in C. elegans (Ward et al., 1975) that is not observed in other nematodes.

The sensory cilia of wing cells in C. elegans terminate in pockets of the sheath cell rather than
in the sensory channel with other sensory dendrites and terminate with high surface area
morphology, such as the broad flattened shape of the AWC dendrite (Ward et al., 1975). Only
the finger cell exhibits these features in A. complexus or S. stercoralis. Haemonchus
contortus has one additional dendrite, which is embedded in the sheath cell and is a likely
homolog of AWC (Li et al., 2000a, 2001). The lack of a similar morphology leaves little to
use as a basis for proposing homology for wing cells between C. elegans and A. complexus.
There are two dendrites in A. complexus with a modified morphology that represent possible
candidates for wing cell homologs. ASF has a single cilium, but just posteriad to the transition
zone of this cilium in both the adult and juvenile is a small projection (Figs. 2, 3A) that
terminates in a pocket of the sheath cell. Also, the ASI dendrite has multiple finger-like
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projections of very fine diameter extending from a swelling proximal to the transition zone
(Fig. 3F). Although ASI is modified to have high surface area, these modifications occur
proximal to the transition zone rather than distal, as they do in the wing cells of C. elegans;
thus, it is not considered a likely candidate for homology.

The amphid of one adult individual observed was highly modified. Much of the volume of the
sheath cell is filled with large vesicles, and the sensory channel is greatly expanded, presumably
filled with secretions from the sheath cell (Fig. 4D,F). This individual may be a mutant
phenotype, or it could be responding to an environmental condition different than the other
individuals examined, such as starvation or hosting a pathogen. With a small sample size it is
not known how common this phenotype is or if it is found in natural populations. It does serve
as a reminder that the phenotype of nematode sensory structures can be dynamic. For example,
in C. elegans the amphid wing cells are known to substantially remodel themselves during the
dauer stage, and then, upon emerging from the dauer, returning to a more typical morphology
(Albert and Riddle, 1983). Acrobeles complexus is often observed to have a sticky secretion
surrounding the nose region. Observations made here are consistent with this large amount of
secretion product originating from the amphid.

The morphology of the amphid in the J1 of A. complexus resembles closely that of the adult.
The finger cell is readily identifiable, although the number of microvilli is much smaller.
Notably absent are the finger-like projections found on ASI (Fig. 3F). Interestingly, the amphid
has a similar length in both the adult and juvenile despite the large difference in body size. The
maximal diameter of the amphid is larger in the adult, most likely due to the more elaborate
morphology of the adult finger cell.

Patterns of homology between C. elegans and other nematodes remain in many cases
ambiguous (Fig. 6). In several cases, dendrites that are proposed to be homologs between taxa
are likely not (e.g., ASA in H. contortus and C. elegans). In most cases, including for all of
the dendrites in A. complexus and most of the dendrites in S. stercoralis and H. contortus,
functional similarity has not been evaluated through, for example, laser ablation studies,
leaving us with primarily anatomical similarity for proposing hypotheses of homology. A more
complete understanding of homology will require additional functional studies, developmental
observations, and an increased taxonomic sampling from which to draw observations. Such
work is under way for at least one other nematode, Pristionchus pacificus (Ray Hong, pers.
commun.). Due to an absence of functional studies, hypotheses of homology for most dendrites
in A. complexus are particularly poorly understood, and we consider only four classes of
dendrites (Fig. 6) to have reasonably clear homologs in other taxa. The finger cell (ADF) has
a highly elaborate and phylogenetically conserved anatomy, and its spatial relationships to
neighboring dendrites appear also to be conserved. We have discussed earlier the unusual
anatomy of ASA. ADC in A. complexus shares a double cilium as well as a conserved position
in the sensory channel to ADF in H. contortus. ASE has a conserved central location in the
neurite bundle at the proximal end of the amphid, as well as a conserved position between the
two cilia of ADC (in A. complexus) and ADF (in H. contortus). An absence of modified “wing
cell” cilia in A. complexus, such as those found in C. elegans, is an interesting feature but leads
to difficulty in proposing homology. Until hypotheses are more robust we are not
recommending a revision of amphid dendrites nomenclature to reflect our understanding of
homology.

Acrobeles complexus occupies a convenient phylogenetic position for understanding the
evolution of sensory phenotypes and their associated behaviors. It is more closely related to
several important vertebrate, insect, and plant parasitic groups than the model organism C.
elegans. Once patterns of evolution for specific sensory dendrites are more thoroughly
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understood, the transfer of information from the model organism C. elegans to other lesser
known but economically important groups will be more practical.
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Figure 1.
Transmission electron micrographs of an amphid in an adult female of Acrobeles complexus.
A: The amphid posterior to the expansion of the sheath cell. The sensory dendrites ASA (a),
ASB (b), ADC (c), AFD (d), ASE (e), ASF (f), ASG (g), ASH (h), ASI (i), ASJ (j), ASK (k),
ASL (l), and ASM (m) are shown. Also indicated are the sheath cell (sh), socket cell (so), and
the pharynx (ph). The labels for A apply to all other panels. B: The amphid posterior to the
entrance of dendrites into the sensory channel formed by the sheath cell. Note coils of lamellar
processes formed by the sheath cell (large black arrow) that wrap around the ASK dendritic
process. Junctions with a distinct morphology (white arrow) occur between the sheath cell and
the dendrite ASA. Microvilli branching off of the AFD dendrite are indicated (small black
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arrows). C: The belt of adherens junctions between adjacent amphid dendrites and the sheath
cell, forming a single opening into the sensory channel. A bulbous extension of AFD extending
into the sheath cell, with microvilli branching from this bulb. Note the granular appearance of
the cytosol in the center of the bulb. D: One of two AFD cilia originating on the bulbous process
(white arrow). E: The sensory channel of the amphid, showing the transition zones of most
sensory amphid dendrites. Note the two cilia of ADC. F: Transition between the sheath and
socket cells, showing adherens junctions between the two cells. Scale bar = 1 μm (applies to
all).

Bumbarger et al. Page 11

J Comp Neurol. Author manuscript; available in PMC 2009 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Model of the amphid of Acrobeles complexus. In the rendering on the left the left amphid is
viewed from the left side of the animal, and in the rendering on the right the same amphid is
viewed from the opposite side. The amphid socket cell (so) is rendered transparent red and the
sheath cell (sh) is rendered transparent green. For reference, on the left side a portion of the
HYP-E epidermal syncytium (he) is rendered transparent gray and a portion of the HYP-D
epidermal syncytium (hd) is rendered solid yellow, showing where they form the amphid
opening to the outside environment. Behind the amphid, a portion of the pharynx is rendered
in gray. A belt of adherens junctions at the point where dendritic processes enter the sensory
channel (aj) is indicated by a red and green striped texture. A small accessory process of ASF
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(black arrows) terminates in a pocket of the sheath cell, rather than in the sensory channel of
the amphid. The bulbous swelling of ASE (white arrow) rests between the two cilia of ADC.
Black lines with letters indicate the approximate region of the amphid from which the images
in Figure 1 were obtained.
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Figure 3.
Model of the morphology of individual amphid dendrites. Adherens junctions at the opening
in the sheath cell to the sensory channel are indicated with a striped green and red texture. The
positions of transition zones (x) are indicated for all dendrites. The perspective is identical to
the right-hand side of Figure 2. A: The neurites ASF (f) and ADF (d). Note the small projection
(black arrow) near the transition zone. B: The neurites ASG (g) and ASH (h). C: The neurites
ASK (k) and ASJ (j). D: The neurites ASB (b) and ASE (e). The bulbous swelling (black arrow)
of ASE rests between the two cilia of ADC. E: The neurites ASM (m) and ADC (c). The cilium
of ADC that is further from the pharynx has a more robust swelling near the transition zone
(black arrow). F: The neurites ASI (i), ASL (l), and ASA (a).
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Figure 4.
Transmission electron micrographs of an amphid in an adult female of Acrobeles complexus.
A: Anterior region of amphid sensory channel showing the self-junction (black arrow) of the
socket cell (so). B: Transition zone of an amphid sensory cilium. C: Distinctive cell membranes
(black arrow) of the AFD microvilli (d) shown adjacent to the sheath cell (sh) membrane. D:
Amphid in the region of the AFD (d) microvilli. The amphid sensory channel (sc) in this
individual is filled with a secretion from the sheath cell. E: Longitudinal image through the
amphid finger cell (d) showing two sensory cilia (black arrows) and granular material in the
cytosol of the finger cell bulb (x). F: The same individual as in D, shown in the anterior region
of the sensory channel (sc) where large secretory vesicles (v) merge with the sensory channel.
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G: Lamellar projections (black arrow) of the sheath cell (sh) wrapping around the sensory
dendrite ASK (k) just posterior to where it enters the sheath cell sensory channel. Note the
numerous vesicles (v) in this region. Scale bar = 1 μm. H: Longitudinal section through the
amphid. The partially formed cilium of ASA (a) is shown terminating adjacent to the AFD cell
(d). The rootlet is indicated (black arrow). Note the greater surface area of adherens junctions
(white arrows) along ASA as compared to the other sensory dendrites. Scale bars = 0.5 μm in
A; 0.25 μm in B,C; 1 μm in D–H.
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Figure 5.
Transmission electron micrograph of an amphid in the J1 of Acrobeles complexus. The sensory
dendrites ASB (b), ADC (c), AFD (d), ASE (e), ASF (f), ASG (g), ASH (h), ASI (i), ASJ (j),
ASK (k), ASL (l), and ASM (m) are shown at the entrance to the sheath cell sensory channel.
Also indicated are the sheath cell (sh), socket cell (so), and the pharynx (ph). The AFD cell is
surrounded by microvilli, three of them are indicated (black arrows). Scale bar = 0.5 μm.
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Figure 6.
Arrangement of amphid dendrites at the posterior entrance into the sheath cell. The bottom
row is from J1 while the top row is from the oldest life stage for which there is data. The right
side of each image is adjacent to the pharynx, and the top is dorsal. Letters correspond to the
name of dendrites according to current nomenclature. Cells that are colored the same represent
stronger hypotheses of homology that are based on multiple types of similarity, with dendrites
of the same color being presumably homologous. Types of similarity considered include
number of cilia, results of laser ablation studies that imply related function, and relative position
at the proximal end of the amphid. Data for Strongyloides stercoralis are redrawn from Ashton
et al. (1995). Data for Haemonchus contortus are redrawn from Li et al. (2000a, 2001). Data
for C. elegans are redrawn from Ward et al. (1975).
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