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Summary

Doublecortin-domaircontaining(DCDC) genes play key roles in the normal and
pathological development of the human brain cortex. The origin of the calhdaialization
and the functional redundancy of these microtubule (MT)-associadtzns (MAPS),
especially those of DoublecortiDCX) and Doublecortin-like kinas®CLKs) genes, is still
unclear. The DCX domain displays the ability to control MT architecand bundling.
However, the physiological significance of such properties is not fullgnstmbd. To address
these issues, we sought post-mitotic rolea/gi8, the sole representative of tBE€X-DCLK
subfamily of genes i€. elegans. Previouslyzyg-8 has been shown to control anaphase-
spindle positioning in one-cell stage embryos, but functions of the gene ld&aralopment
have not been investigated.

Here we show that wild-typsyg-8 is required beyond early embryonic divisions for

proper development, spontaneous locomotion and touch sensitivity of adult. worms

Consistently, we findyg-8 expression in the six touch receptor neurons (TRNSs), as well as in

a subset of other neuronal and non neuronal cells. In TRNs and motaeygdhcontrols
cell body shape/polarity and process outgrowth and morphology. Ultastl analysis of
mutant animals reveals thgg-8 promotes structural integrity, length and number of
individual MTs, as well as their bundled organization in TRNs, with no impaktion

architecture.
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Introduction

The Doublecortin (DCX) family of Microtubule-Associated Proteins @®4Aincludes
the X-linked lissencephaly and doublecortex syndr&@X gene, the Doublecortin-like
kinaseDCLK genes, the retinitis pigmentoBR1 gene as well as the dyslexia-associated
DCDC2 gene (for review, see Reiner et al., 2006). This family of genesseoved in
animals, including mammals, fish, insects and nematodes. The mouse dembore 11
such genes, complicating functional analysis of these prateing. Nevertheless,
considerable effort has been focused on understanding the phlgslogsitof DCX domain-
containing proteins (DCDCs) in the mammalian nervous system, espéuzlbyf the
Doublecortin and DCLKs subgroup. Thus, in mio€X andDCLK-1 function redundantly
in several types of cortical neurons to ensure their migrationlaasaxthe control of axon
growth and wiring during embryonic life (Deuel et al., 2006; Koizunailet2006). In
addition,DCX andDCLK-1 displays earlier functions in neurogenesis (Pramparo et al., 2010;
Shu et al., 2006) andCLK-2 expression persists in mature neurons, in which it may play
roles at the growth cone (Edelman et al., 2005).

Doublecortin promotes selective assembly and stability of 13-protefiia(th3-pf)

MTs in vitro, through the maintenance of lateral and longitudinal contacts between adjacent
protofilaments (Fourniol et al., 2010; Moores et al., 2004). Many DCAagsinduce

microtubule bundling when overexpressed in mammalian cells, suggesting that tlyisofami
proteins may also mediate intermolecular interactions between adj¢€s (Bielas et al.,

2007; Coquelle et al., 2006). To date, however, the contribution of DCDC priéii
organization in post-mitotic cells such as neurons is poorly documented

We address these issues by analyzygeB in the nematod€. el egans. The rationale
for this choice is two-fold. FirsC. elegans has a simple and well-characterized
neuroanatomy and powerful genetic tools allow for straightforwaatlses of gene function
at a whole organism scale. Secany-8 is the unique representative of DEX-DCLK
subfamily inC. elegans, allowing for the analysis of evolutionary conserved functions of this
group of genes. Previous studies established the essential zgde8ah mitotic spindle
positioning of one-cell stage. elegans embryos, a function highly reminiscent of that of
DCLK-1 in dividing murine neuronal precursor cells (Gonczy et al., 2001; Shu et al., 2006).
Part of theDCLK properties may thus have been retained throughout metazoanavoluti
although post-embryonic functions 2yi3-8 have not been investigated to date, due to early

lethality of homozygous mutant embryos.
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Here we show thayg-8 is required throughout gastrulation for proper development
and survival of embryos, and later on for spontaneous locomotiomactd $ensitivity of
adult animals. We find thayg-8 is expressed in several classes of neurons, including
motoneurons and touch receptor neurons (TRNSs), as well as in some non{n@Eswes
We show tharyg-8 is required to maintain neuronal cell shape/polarity and process
outgrowth/wiring in developing worms. In addition, we demonstrateziige® promotes
bundling, length and structural integrity of the atypical 184ps that fill TRN processes,
without affecting MT architecture. Therefore ,neegans neuronszyg-8 recapitulates most
functions attributed t®CX-DCLK genes in the mammalian brain, strongly suggesting an

ancient origin for these properties.
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Results

zyg-8 is required beyond the first division for full embryonic survival

zyg-8 null mutant animals display a penetrant, maternal-effect embryonic lethality,
likely resulting from the dramatic anaphase spindle positioningtdeife one-cell stag€.
elegans embryos (Gonczy et al., 2001; Wood et al., 1980). But, it is not known wuiatdns
zyg-8 has in development and physiology beyond the first mitotic division. To sxitlris
guestion, we took advantage of two conditional, temperature-sensitive aljgi8éor484)
andzyg-8(or490), which encode proteins mutated in the DCX (G219E) and kinase (G491E)
domains, respectively (Gonczy et al., 2001). Although we cannot formally preclude
neomorphic actions of these mutations, we believe this is unlikelyheé.éwb alleles rather
reflect loss-of-function atyg-8 because i) in early embryasg-8(or484) andzyg-8(or490)
display phenotypes indistinguishable from those of genetically null alleles (Gdrelzy e
2001), and ii) in fully developped animals, the two mutations result inesidefects (this
study).

We used temperature-shift experiments to investigate thelnatindn ofzyg-8 to
embryonic survival (Materials and Methods and Fig. S1). This anagssaled thatyg-8
function is required after the first division for full embryonic vigpibut not beyond
gastrulation (Fig. S1C). Thusyg-8 may control most, if not all of the mitotic divisions
during the first hours of development, but appears to be dispensable fequsefismitoses.
Mitosis may not be the only function feyg-8 since it is expressed throughout development
and persists in several post-mitotic tissues in adult animalb¢®s). To study these
functions, we preparezyg-8 mutant adults derived from the eggszgi-8(or484) or
zyg-8(0r490) parents shifted to 25°C after the completion of gastrulation gietimissive
temperature.

zyg-8 is expressed by neuronal and non neuronal cells

To determine wherayg-8 functions in adult animals, we analyzed the expression
pattern of &Pzyg-8:: YFP transcriptional fusion that encompasses 2 kb of the 5’ regulatory
region ofzyg-8 (Materials and Methods). The progeny of injected animals gsglsFP
expression in both neuronal and non-neuronal structures, from |atgame stages to
adulthood. Post-embryonic neurons include a few unidentified cells cluseaethe nerve
ring, some of them projecting dendrites anteriorly like amphid neurogs1(&i, star and red

arrowhead, respectively), numerous motoneurons in the ventral nedvd-op 1A1, white
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arrowheads) and, most obviously the six touch receptor neurons (TRNs)/RILMLML/R,
AVM and PVM (Fig. 1A1, 2, yellow arrowheads). The TRNs sense giiglthanical stimuli
applied to the cuticle and transduce them into electrical currentsdper locomotory
responses (Chalfie, 2009). In addition, the biolistic integration of our reportstruct led to
the expression of YFP in the germline (Fig. 1A3), which was expected, frongdmstic and
molecular data (Gonczy et al., 2001), as well as in hypoderita(lEg). 1A4). The latter
expression pattern was unexpected considering that other KDGIRE genes act in neurons,
but two distinctPzyg-8-ZYG-8:: YFP translational fusion reporters (Materials and Methods)
displayed the same profile (data not shown).

To determine where ZYG-8 accumulates in the animal and confirm the TRN
expression, we performed immunolocalization studies, using afpoityied ZYG-8
antibodies, together with anti-acetylated tubulin (AcTub) monoclonal antibdliat
preferentially decorate TRN processes (Fukushige et al., 1999). s #hé&ig. 1B, ZYG-8
colocalized with AcTub, indicating that ZYG-8 is present in touch egltsdistributed along
the length of their neurites. Anti-ZYG-8 antibodies also marked thedgamé other
structures that include ventral nerve cords (data not shown).

Thus, in addition to its expected germline expresayRg is transcribed in
hypodermal and neural tissues. Consistent with a roly@e8 in hypodermis function,
mutant animals were slightly shorter than wild-type adults (the Dumpy or Dgnopjpe)
and some animals displayed a roller (Rol) phenotype in which animailsateishd their
antero-posterior axis while crawling (data not shown). Beleg/focus on characterizing the

neuronal functions afyg-8.

zyg-8 function is required in adults for proper locomotion and touch sensitivity
We observed thayg-8 mutant animals were lethargic (Fig. 2A), a phenotype that has
been linked to synaptic defects and is also evident in animidslefiects in TRN function
(Syntichaki and Tavernarakis, 2004). We used video recordings of wild+tgoeatant
adults to evaluate the coordination and speed of locomaigi® mutants left sinusoidal
tracks in the bacterial lawn indistinguishable from that of ayfze animals and retained their
ability to respond to harsh touch. However, they were immobile for long perfduise,
displayed reduced speed when moving and, as a consequence, retidcgdatement when
compared to wild-type (Fig. 2A). Thus, wild-typg-8 is required for spontaneous motion of

adults.
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Next, we asked whetheyg-8 mutant adults also exhibit a touch-insensitive
phenotype, using a classical gentle body touch assay (Matericldedimods). When assayed
in parallel,zyg-8 mutant animals were less touch-sensitive than control animals, but more
sensitive thamec-7 beta tubulin mutants (Fig. 2B, compare lanes 1 and 3). Thus, an intact
2yg-8 gene is needed for full touch sensitivity.

We next tested whether this touch-insensitivity phenotype refleetpusrement for
2yg-8 during developing or in mature TRNs. As shown in Fig. 2B (lanes 4-6jinghybung
Zyg-8(or484) adults from 15°C to 25°C led to a severe reduction of their touch response,
providing the shift to 25°C was long enough. Similar results were otaiitle zyg-8(or490)
animals and mutant larvae (data not shown). Since TRNs are fullfiep@nd drive a
functional mechanotransducing network by the end of the L4 |aiage sthis result suggests

thatzyg-8 is required for the physiology of fully mature neurons.

zyg-8 controls morphology and growth ofC. elegans neurons

MTs are essential for diverse aspects of neuronal biology such awis@id
neurogenesis, migration, vesicular transport, cell shape, polarifyraoelss outgrowth, and
guidance (Mollinedo and Gajate, 2003). We thus praged® function further by analyzing
the position and morphology of TRNs as well as that of the wallacierized D-type
motoneurons. These 19 ventral cord neurons (13 VDs and 6 DDs) expriesshtitery
neurotransmitter GABA and extend processes within both the anttaand dorsal nerve
bundles ofC. elegans to perform their function as cross-inhibitors of body-wall muscle
contraction (Mclintire et al., 1993). Using appropriate GFP markers, we obsgynédttant
morphological defects in mutants compared to control animals (Fig. 3adoelsTL and 3).

First, although TRN neurons were properly positioned in the vast majoaases,
cell bodies were often misshapen (red arrows in Fig. 3A) and displayed potdeitysd as
assessed by the higher rate of monopolar ALM neurons in mutant wommpsied to control
(~90%yvs. 24%, Table 1). Mishapen cell bodies were also noted in mutant D neurongat |
frequency (8% 0br484 and 19% obr490 mutants). PVM displayed defective ventral
projections in 36% of cases in bagy-8(or484) andzyg-8(or490) strains (yellow bracket in
Fig. 3A), and about 50% of the mutant animals exhibited shortened lat@nahes along
ALM or PLM neurons (yellow arrows in Fig. 3A), suggesting that in wild-typehacells,
Zyg-8 restricts ectopic process outgrowth.

Second, we observed with high penetrance (up to 100% for PLig-8{or490)

animals) the formation of numerous varicosities along some D-neukdh aAd PLM
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processes (yellow arrowheads in panels B6, A5 and A7). These vaggasd potential
indications of transport issues. However, our analysis of the distribution of the
mechanotransduction channel subunits MEC-4 and MEC-2, as wiltasd the synaptic
vesicle marker GFP-RAB-3, does not support the hypothesis of d dlshgtion of axonal
transport inzyg-8 mutant TRNs (Fig. 4 and Table 2, respectively).

Third, we documented frequent alterations of process growth and wiring h th
neurons, consistent with disorganization of the ventral nerve cord. Sevenpefoant of
zyg-8(or490) animals displayed defasciculation of D-neurons along the nerve codds, an
commissures were missing or extended along the wrong side of the body in 1@%eof t
animals (Table 3). In severalg-8 mutant animals, a D axon with SNB-1::GFP clusters that
is normally restricted to body wall muscles in wildtype worms, exdénito the head region
(panel B12, arrows). Margyg-8(or484) andzyg-8(or490) mutants exhibited small gaps or
thinning in GFP expression along ventral or dorsal nerve cordsatimj that some axons
failed to extend their full length (panels B7, B10 and B11, compa3d aregions of altered
expression of the presynaptic vesicle mamkaic-25-snb-1:: GFP (Hallam and Jin, 1998)
were also observed along the dorsal cord/gf8 mutants at 2% (panels B8 and B9,
compare to panel B5). Although outgrowth of the six DD neurons occurs during
embryogenesis, DD synapses faampassant along the dorsal muscles only at the end of the
L1 larval stage. These synapses increase in size by al§éuas3the animals grow to their full
adult size, and new membrane and synapses are added along the axon (Y200&)al
Variations in thesnb-1:: GFP expression pattern could be due to abnormal axon morphology,
but may also reflect defective transport during axon and synapse growth

Collectively, these data indicate that an iniggt8 gene is required for neuronal
morphology and polarity, restricts ectopic process outgrowth and s@pmdmote axon and
synapse growth. Because these aspects of neuronal development are kn@endade

MTs, our findings suggest thatg-8 has a role in maintaining neuronal MT integrity.

zyg-8 does not affect global protein levels and transport in touch reptor neurons

Touch receptor neuron MTs are unique witGirelegans in at least two respects: they
display a larger diameter due to their 15-protofilament architectsifel (in the rest of the
animal) and they are organized into dense bundles that fill touch cell procesdie @bdda
Thomson, 1979). Since 15-pf MT bundles are required for efficientanettansduction
(Chalfie, 2009), TRNs constitute an exquisite model system to igagéstihe structural and

physiological role of a MAP on MT dynamics and organization. Fifteetmplament MTs
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affect touch sensitivity in several ways that include the control oéiprtgvels and the
transport of important components of the mechanotransduction mgctroeinoutas et al.,
2009a). We thus investigated the impactygf8 mutations on protein levels and the
distribution of three TRN-specific components: MEC-18, MEC-2 and ME&ntibodies to
all three proteins recognized similar amonts of protein in extractsrpcefsam wild-type
andzyg-8(or484) animals (Fig. 4A), suggesting thst)-8 does not affect protein levels. The
cytoplasmic distribution of MEC-18 in mutant TRNs was indistinguishabta that in wild-
type cells (data not shown) and MEC-2 and MEC-4 displayed overlappitgiate patterns
along TRN processes, with no gross reduction in the size or number of individua (ftigc
4B). Together, these findings indicate that the loss of touch sensitizgg-Bimutant
animals is unlikely to result from altered protein levels or from mislodalizaf
mechanotransduction channels.

To further probe putative roles nfg-8 in axonal transport, we examined the
distribution of the synaptic vesicle marker GFP-RAB-3 (Bounoutat,e2009b) in mutant
TRNs. Our analysis revealed a small increase in defective shapesitimhpaf GFP-RAB-3
puncta in the nerve ring compared to controls, and more diffuBea@ ectopic puncta were
observed in botlr484 andor490 genotypes (Table 2). A four-fold increase in the number of
animals with ectopic puncta in PLM processes was also noted foryjgestalleles (Table 2).
These defects are compatible with weak transport and polarégtde$o that not all synaptic
vesicles are tightly clustered at synapses. Although they couidbeda to the Mec
phenotype ofyg-8 mutant animals, the primary synaptic output of the mechanosensory
neurons is via gap junctions, and mutants that exhibit significant defedtferardiation of
chemical synapses are not necessarily Mec (Zheng et al., 2011). Motheserdefects in
synaptic vesicle localization do not reflect global transport faias@ssessed by the proper
local delivery of MEC-2 and MEC-4 (Fig. 4B).

zyg-8 maintains the integrity, number, length and bundling of 15-pf MTs

To test whethezyg-8 promotes MT stabilization and to gain insight in the
corresponding mechanism, we compared the phenotypes induzggi®ipss-of function
and treatment with the MT-depolymerizing drug colchicine. Asshin Fig. 5A,zyg-8 loss-
of-function and colchicine displayed distinct morphologicarmitypes. Indeed, process
varicosities observed on TRN processeg/gf8 mutants were never found upon colchicine
treatment (compare Fig. 3A7 and 5A1-4 for instance). Instead, we notéch&cine dose-

dependent decrease in famec-4::GFP signal, a phenotype never observeryga8 mutants.
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In addition, we observed strong synthetic effectaygf8 loss-of-function and colchicine,
both in the morphology (Fig. 5A5-8) and function (Fig. 5B) of TRNs. TRN proce$agg-8
mutant animals treated with low doses of colchicine consistently developedausmectopic
secondary branches (yellow arrows) that could further branch and celslveelie often
jagged, stellate and disconnected from their physiological targelisisasted in panel A6
for instance. The functional consequences of those synthetic effedisstrevidenced at 0.1
mM colchicine, a drug concentration that reduces body touch resparnyge8ainutant
animals by 10-fold versus only 2-fold in control animals (Fig. 5B).

Because colchicine affects MT stability by preventing polymednathe synergistic
effects ofzyg-8 loss-of-function and colchicine suggest thay-8 promotes MT stability
through mechanisms at least partially distinct from the sole caftpalymer dynamics. To
gain further insights in such mechanism in TRNs, we proceeded tdtthstructural analysis
of these neurons iryg-8 mutant adults. High-pressure frozen (HPF) animals prepared for
transmission electron microscopy (Materials and Methods) revealedal microtubule
defects in mutant TRNs (Fig. 6). First and most obviously, the averageen@fiMTs that
normally fill TRN processes was reduced. On average, there were 3A§N = 14 touch
receptor neurons) microtubules per cross-sectiapgh® mutants compared to 25.3 + 3.0 (N
= 25 touch receptor neurons) in wild type animals raised at 25°C. Thusypeldy-8 is
required for the assembly or maintenance of the large MT array that ararkallhthe
TRNS.

Second, we observed zyg-8 mutant TRNs, a notable disorganization of MTs that
failed to cluster in the regular bundle-like arrays found in-yifte neurons (Fig. 6A1-3). In a
geometrical point of view, the level of organization of these structures canduentazt for
by the variability of the distance separating adjacent MTs within the: amrgyinciple, a
regular bundle has normal (Gaussian) distribution of nearest-neigh®eMT distances,
while a disorganized bundle will exhibit a non-normal distribution. Consistentnatidea
thatzyg-8 is required to properly organize the MT bundle, the distribution of-Mier
distances differ in wild-type amyg-8(or484) mutant TRNs (Fig. 6C). In addition, MTs are
closer to each other zyg-8 mutant TRNs, as revealed by the median of the distributions:
34.6 nmvs 39.0 nm, respectively. We propose from this analysisziige® plays key roles in
the establishment or maintenance of the regular, bundled organiZafiBNAVTS.

Third, the analysis and digital alignment of serial sectionsrepassing up to 2.4m
of body length (Materials and Methods) revealed a 5-fold decrease langth in TRNs of
mutant animals (Fig. 6D): on average, wild-type TRN MTs were 14.8 g .lbng whereas

10
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in zyg-8(or484) animals, this length was reduced to 3.0 .0l We conclude that, as a
MAP, wild-type zyg-8 is needed to maintain long MTs in TRNs.

Fourth, when looking at high magnifications of individual MT sections, we observed

no difference in protofilament content betwegg-8 mutant and wild-type animals (Fig.
6A4-6), indicating that, in the context of TRNs, D€DC genezyg-8 is dispensable for the
assembly or maintenance of 15-pf MTs. However, we also noticed omtledrsages, a
slight but significant reduction of MT caliber in mutant TRNs, as well as a logealsio-
noise ratio that hinders the sharp resolution of individual protodites displayed on wild-
type sections (compare Fig. 6A4 to 6A5-6 and Fig. 6E). The gene may alspéersable for
regulating the protofilament content of the 11-pf MTs found in otha@romes, including those
in the ventral nerve cord (Fig. S2).

Altogether, our ultrastructural analysis establishes that, in TRNs, wigddAaY&-8 is
needed to promote the integrity of the 15-pf MT array through thetenance of MT
number, MT length and MT bundling. The gene is dispensable for thekof pf contentn

vivo although it may still contribute to the structural integrity of individdals.

11
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Discussion

zyg-8 physiology at a whole organism scale

We show here thalg-8 is expressed i€. egans, in post-mitotic neurons where it
contributes to most of the functions attributedd@DC genes in mammals, including cellular
morphology, axon outgrowth and guidance as well as synaptic vesidiedtioa. These
functions may reflect underlying roles of the gene in the establigtonemintenance of
neuronal polarity. Additional phenotypic and genetic analyses will be negésshatermine
if there are signaling pathways connectig-8 directly to the polarity machinery, or if these
phenotypes are secondary to functiongygt8 in MT dynamics, stabilization or bundling.
However, our findings indicate that the pleiotropic function®@@DC genes in the cortex of
mammals are likely to be of ancient origin rather than resulting froentesub-specialization
of these MAPs upon cerebrocortical tissue compartmentalization.

In addition to these functions that may rely on intrinsic propeofise DCX domain,
our study reveals an unanticipated rolezia-8 in mechanosensation. A recent study in fly
sensory cilia showed that the Drosophila DCDC protein DmELP-1 is implicated i
mechanotransduction (Bechstedt et al., 2010). DmELP-1 is a omhid protein containing
both a DCX domain and a domain related to the Echinoderm MicrotidNsgleciated Protein
(EMAP) family of proteins. It is not known whether the contribution of DmHELi®
mechanotransduction is conferred by its DCX or EMAP-like dom&iesause th€. elegans
EMAP, CeELP-1, is expressed in TRNs and is required for touchteen@dueston et al,
2008), it may be concluded from these two studies that EMAP-like proteinaydismserved
function in mechanosensation in a way that might not involv®@x domain. Our work
suggests that the DCX domain displays the ability to stabilizéo®$Ed mechanosensors. In
this context it would be interesting to test whether ZYG-8 and CeELP-1 functionally
cooperate in touch neurons and recapitulate the activity of DmEhPagchanotransduction.
The stabilizing function of DCDC proteins on large MT-based structurgsotebe
restricted to invertebrate cells, as a recent report establishéghttional association of
DCDC2 with primary cilia in rat hippocampal neurons (Massinen et al., 2011). The presence
in the inner ear of mammals of specialized cells filled with complexsiictures that
display both unusual architecture and extensive bundling and that aréeaé$se¢ne
conversion of sounds into electrical currents, should stimglaser inspection of the

expression oDCDC genes in this tissue (Tolomeo and Holley, 1997).

12
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Most eukaryotic mechanotransducing systems involve latgslaietal structures
that are thought to constitute a rigid support towards mechanical dgifonsiand contribute
to gating transducing ion channels (Syntichaki and Tavernarakis, Zxfid)microtubule
internal architecture and intermolecular organization such asiladling may affect the
mechanical properties of these structures, by a direct effect onrihsimtigidity of the
polymer or by an increase of the overall stiffness of the system (Tolamddaley, 1997).
However, MT architecture and MT bundling are often intimately linkedhat defining the
relative contribution of these two levels of MT organization in meckamsgitive responses is
not an easy taskCaenorhabditis elegans TRNs represent a useful model system to tackle this
issue because the 15-pf MT bundles that fill their processasmague within the animal and
their physiological requirement is genetically tractable. (In nematoddisary MTs are built
from 11 pfs and are not clustered in bundles). Chalfie and colleagmeonstrated that 15-pf
MT bundles play specific role in mechanosensation, in part by insuringahprotein levels
of components of the transduction machinery and transport of mechaonsehannel
subunits along the TRN processes (Bounoutas et al., 2009a). However, becausd $ ipf M
not form bundles, no conclusion could be drawn regarding theghbgyisial relevance of MT
architecture and MT bundling.

Here we show thayg-8 is needed for full mechanosensation, with no impact on
protein levels or axonal transport in TRNs, suggesting that the gene plays rattteobisein
the process. Our findings also show that MT architecture and MT bundlisglaretted to
separate regulatory controls. Indeaj-8 mutant animals display disorganized TRN MT
bundles, with fewer and shorter MTs, but no disruption of the 15-pf Miitacture.
Therefore, it could be concluded that maintaining 15-pf MTGS. ilegans TRNs is not
sufficient,per se, to ensure proper mechanosensation and that MT bundling playasl calei
in that process. Although we do not have the ability to measure thesiihgd RN MT
bundles, our findings are compatible with a scenario in which both tp&Ni3-architecture
and MT bundling contribute to the rigidity of the array, which, in turninésfthe level of
responsiveness of the system.

Our reporter gene analysis suggests2y@8 is somatically transcribed in non-
neuronal tissues such as the hypodermis. Although the presence of the Z0t€i¥8remains
to be demonstrated in these cells, the Rol and Dpy phenotypgs®Mmutant animals are
compatible with a role of the gene in that tissue. Cheegans hypodermis performs many
functions during early development, including establishing tseldy plan, depositing

basement membrane components, regulating cell fate specificatiergbbaring cells,

13
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guiding cell and axon migrations, and taking up apoptotic cell bodies by phago¢fttasis

and Hall, 2009). Microtubules are likely to participate to most of these deveidgl

processes but to date, their physiological control has not been thorougddtigated in this

tissue. Interestingly, in mammals, individual cells of the olfactory epittmetilso express

DCX andDCLKs (Reiner et al., 2006), suggesting a possible ancestral function of these genes
in epithelia formation. More work will be necessary to shed lightwdative non neuronal
functions ofDCDC genes, buC. elegans andzyg-8 will undoubtedly be instrumental in such

a quest.

Neuronal zyg-8 functions as a MT stabilizer and organizer

The ultrastructural study that we performed allowed us to pteesd quantitatively
describe the MT stabilizing role @afg-8, in the physiological context of a developing
organism. We show that the gene controls MT number, MT bundling, MT ldngthith no
associated modification of pf number. One may ask whether thesd¢iestve
interdependent or rather involve distinct properties of ZYG-8. MT bundlmignumber may
be governed by independent processes, as we consistently find organizedwildsype
TRNSs, even in the ones that contain less than 10 MTs (dataowh} Conversely, we
hardly find well-organized MT bundles in the TRNszgd-8 mutant animals, even in those
displaying 20-40 MTs (data not shown).

In zyg-8(or484) mutant animals, the average MT content of TRNs is reduced by nearly
two-fold and MTs are, on average, five-fold shorter than their wild-ggunterparts. This
suggests thatyg-8 displays important stabilizing and/or nucleating functions in TRNs. In
one-cell stag€. elegans embryos zyg-8 also affects spindle MT growth and nucleation and
loss of its function can be phenocopied by the MT-depolymerizing druggdiazole (Gonczy
et al., 2001; Srayko et al., 2005). Therefayg;8 may display similar regulatory activities
towards MTsn vivo, both in mitotic and post-mitotic contexts.

One of the most striking defectszyf-8 mutant TRNs is the disorganization of MTs
that fail to cluster as a regular bundle. Consistent with this idea Niitetfistance varies
much more in mutant TRNs than wild-type neurons. In addition, Mdslaser to each other
in mutant cells, indicating that ZYG-8 is unlikely to hold bundled MTs tagetbur data are
more compatible with a model in which ZYG-8 controls the regular spacingéetadjacent
MTs. Doublecortin-domain containing proteins, including ZYG-8, are usuaiigidered as
MT bundling factors, based on their ability to elicit these largeskiuctures when expressed

in cultured cells, but our analysis suggests that more sulitédns of these proteins may be
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unravelled in systems where MT bundles constitute the physiological stdt@s€lie egans
TRNs (Coquelle et al., 2006; Gonczy et al., 2001).

Moores and colleagues have dissected the mechanism of MT stalnillzatimman
DCX (Moores et al., 2004; Moores et al., 2006). Notably, they estathlibhe DCX
selectively promotes the assembly of 13-pf MTs (the major MT araligert mammals) and
stabilizes this architectura vitro. This would result from the unique binding site of DCX in
between pfs, where it would ideally control inter-pf lateral contaudscanstrain pf number
within MTs. DCX may also stabilize longitudinal interactions alorgyipfaddition to stapling
them laterally (Fourniol et al., 2010). This would account for the potentaasticophe and
nucleation activities of DCX towards mammalian Miisitro, and, by extension, predict
similar behaviors of DCDC proteins in various systems. However, the maeehdo predict
the architectural properties of endogenous DCDCs in physiologicahssysieprived of 13-pf
MTs. Do they retain and adapt their stapling function to MT architectitedess or more
than 13 pfs or is this activity governed by the geometry of 13-pf MTs ? Indhtext,C.
elegans constitutes a model of choice because its cells are filled with either 11 pf-MTs or 15
pf MTs. Our findings that a DCDC protein is expresse@.idegans TRNs and other neurons
indicates that the DCX domaper se is not sufficient to constrain any type of MT to adopt
the 13-pf architecturin vivo. Becauseayg-8 function is dispensable to the assembly or
maintenance of both types of MT architectures in worms, it may be con¢hatetie
stapling model proposed by Moores and colleagues may not appDIGRLT proteins or is
restricted to 13-pf MTs. While it has been suggested in the litertiiat 15-pf MTs are the
result of specific alpha and beta tubulins (Chalfie and Thomson, 1988 ctiesly MEC-12
and MEC-7, these isotypes are not exclusive to the TRNs. Pb&dteraative mechanisms
include both other MAPs and post-translational modificationsolifegbulin acetylation,
recently shown to be needed for the formation of uniform bundles pf déerotubules irC.
elegans touch receptor neurons (Cueva et al., 2012; Topalidou et al., 203-B)has no
paralog inC. elegans genome but two unrelated MAPs, PTL-1 and ELP-1, have been shown
to be expressed in TRNs and required for mechanosensation (Goeador2@08; Hueston et
al., 2008). Although the role of these proteins on MT architecture remains to basisated,
they represent interesting candidates to suph8 loss-of-function.

Despite the lack of a strict requirementZgg-8 in the maintenance of TRN MT
architecture, we measure a slight but significant decrease oidviieter in mutant animals,
associated to less defined protofilaments when compared toywddBecause the animals

have been grown, fixed and processed for TEM analysis the same \waysemte conditions,
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we believe these subtle defects may reflect cryptic alterations oftlctuse. Taken together,
our ultrastructural findings demonstrate that an irgg8 gene acts to maintain MT length,

number and organization in TRNs.
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Materials and Methods

Nematode strains and transgenesis

C. elegans (N2) culture was performed according to standard methods (Brenner,
1974).zyg-8 mutant alleles were described previously (Gonczy et al., 200t)elcourse of
this study, we outcrossed the tayg-8ts alleleszyg-8(or484) andzyg-8(490) from their
originallin-2 background, through conventional genetic crosses. The resultimg stexe
subsequently crossed with SK40fbs5 (Pmec-4::GFP), NM2689jsIs821 (Pmec-7::GFP-
RAB-3) (Bounoutas et al., 2009b), CZ3R8s1 (Punc-25::GFP-S\B-1) (Zhen and Jin, 1999),
julsl4s (Pflp-13::GFP) (Sakaguchi-Nakashima et al., 200a)d CZ120Quls76 (Punc-
25::GFP) (Huang et al., 2003) integrated transgenic lines to exangggectively, touch
receptor neurons or D-type motoneuron morphology upg loss-of-function. The
CB1477mec-7(e1343)X strain (Savage et al., 1989) was used as positive control in gentle
body touch assays.

Transgenesis was performed by conventional microinjection methiadle €t al.,
1991) and by biolistic bombardment on a Bio-RadPDS-1000/He Hepta System,rfgllowi
previously reported procedures (Praitis et al., 2001) optimized Bakard (P. Génczy lab).

Constructs andzyg-8 promoter validation

The YFP reporter construBizyg-8:: YFP was engineered by subcloning 2 kb of
genomic DNA sequence located immediately upstream of the predictediei ofzyg-8 in
the BamH I/Nhe | sites of the Addgene plasmid 1662. This construct wasjsebdly used
as a backbone to insert tha-8 full-length cDNA sequence at the Nhe I/Kpn | sites and thus
generatd’zyg-8-zyg-8c:: YFP. We also created the intron 1-containfPryg-8-zyg-89:: YFP
construct by replacing the 1.65 kb Bgl Il/Pas | fragment fRayy-8-zyg-8c:: YFP by the
correspondingyg-8 genomic sequence. All these constructs have been verified by
sequencing. In addition, we made use of the previously deséhibet : GFP-zyg-8 plasmid,
that has been shown to partially rescue the Maternal-effect Brmbnyethality (MEL) of
non-conditional, balancednc-32(e189) zyg-8(t1650) homozygous animals (Gonczy et al.,
2001).

The four constructs, upon biolistic bombardment, line selectidwastern-blot
extract analyses, encoded proteins with the expected sizesshlayedd epitopes for anti-
GFP or anti-ZYG-8 antibodies (data not shown). Furthermore, when drogibethe
unc-32(e189) zyg-8(t1650) strain,Pzyg-8-zyg-8g:: YFP (as well aPpiel:: GFP-zyg-8)
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resulted in the segregation of living (Unc) progeny fayg8 homozygous Unc F2 animals
(data not shown). This partial rescue of the MEL phenotymggeB(t1650) -/- animals

biologically validated our 2 kb regulatory sequence lagna fide zyg-8 promoter sequence.

Anti-ZYG-8 antibodies

For this work, we generated new affinity-purified anti-ZYG-8 antibodissentially
as described before, with few modifications (Bellanger and Go@68g). Briefly, thezyg-8
full-length cDNA was subcloned into a modified pMalC2X prokaryote @sgipn vector and
recombinant MBP-ZYG-8 was producedincoli BL21 cells, as soluble and insoluble
(inclusion bodies) fractions. A rabbit was immunized with inclusion boslieke the soluble
fraction was cleaved with Factor Xa. Cleaved products (25Qvere separated by SDS-
PAGE, transferred onto nitrocellulose and stained with Ponceau Redasteipt that
encompassed thel00 kDa ZYG-8 band. We proceeded to affinity purification by incubating
the strip with sera for 2 h at 4°C, then eluting specific antibodids0.1 M glycine pH 2.0

before neutralization with 1 M Tris pH 8.0.

Temperature-shift experiments

Temperature-shift experiments and progeny-tests were conductedidisedes
previously (Bellanger et al., 2007). The end ofayge8 Temperature-Sensitive Period (TSP)
was determined by collecting embryos at different developmental stegesiyeasuring their
survival rate upon temperature shift. “Early” embryos were collecteatissgcting gravid
hermaphrodites and thus correspond to 1-30-cell stage emipgyaxianately. Older
embryos were collected as eggs laid over a 10 h period of time (at 15°€}thtlike
correspond te-30-400 cell stage embryos. Since (1) only “early” embryos displayed
embryonic lethality (Fig. S1C), (2) gastrulation ends 3h (at 25°C) a&jter leave been laid
and (3) we previously determined that the maternal panigs8(or484) inactivates within
12h following their shift to 25°C, theyg-8 TSP likely encompasses most of the gastrulation
process.

Larvae and adult animals that hatched from eggs shifted to 25t@ha&fteompletion
of gastrulation, displayed no or minor developmental defects. Vel sbght Dumpy
phenotypes and occasional rollers, suggesting a rofgde8 in the metabolism of collagen,

beyond the scope of this study.
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Gentle body touch assay

Body touch sensitivity of worms was assayed as follows: 20-30 animals/oanditi
were gently touched with an eyebrow hair glued to a toothpick, 5 times &mterior body,
alternately with 5 times to the posterior body. Control animals masenaad when touched
anteriorly and forward when stroked posteriorly. We scoreasisiye the animals that
responded 5 or 4 times out of the 5 touches. Since we noticed highbeilitsaiathe anterior
response, we chose not to pool both responses and to present only éaf@aoding to the
posterior body touch sensitivity. Figs. 2B and 5B illustrate the responselbhaitoals that
have been shifted to 25°C as post-gastrulating embryos or adults, atethdiial4 7 7mec-7
animalsand the MT-depolymerizing drug colchicine, were used as gearetichemical
positive controls in Figs. 2B and 5B, respectively (Chalfie and Thomson).1982

Microscopy

Locomotion and morphological defects were analyzed on a Leica Z16 APO
stereomicroscope. Lethargy was monitored at 25°C by recording adult mitaatsa
transferred onto fresh plates 15’ prior to starting the movies. Mowes 3vmin long, 1
image per second. The position of the worm was marked on each framensineztats
track and to extract three parameters: peak velocity “V”, averagedtyéldcand lethargy
ratio “L” (defined as the fraction of time of total immobility).

ZYG-8 immunofluorescence and YFP reporter studies were exelygigrformed on
a Zeiss Axioplan2 / LSM510 Meta confocal microscope, at the Morgp&IO Imaging
facility. Zero.7 to 0.Qum-thick optical slices were collected and used as such for
colocalization studies, or z-stacked to reconstruct the wholeaattiokness. Motoneuron
GFP reporters were imaged using a Nikon E800 microscope equippeeheittmetrics
CoolsnapES CCD camera and Metamorph software.

Serial-section electron microscopy

Nematodes were raised at 25°C from hatching and prepared for eleatroecopy
by high-pressure freezing (HPF) followed by freeze substitutior®figltaraldehyde, 1%
osmium tetroxide), as described (Cueva et al., 2007). Following embeddipghate
12/Araldite 502, serial, 40-nm sections were cut and collected ornvBouuoated, copper-slot
grids. A novel post-staining method, which will be described in detaivblere (J. Cueva,
M. Goodman, unpublished), was used to enhance contrast and to visuelize ooile
protofilaments. Sections were tilted 20°C, imaged on a TEM (JEOL TEM 12309,Tok
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Japan) and digital images were acquired with an 11-megapixel botbomted cooled CCD
camera (Orius SC1000, Gatan, Pleasanton, California). Imagesdmahsections were
manually aligned using Reconstr(Etala, 2005). Microtubule number was counted by hand
and used to calculate MT length, as described (Chalfie and Thomson, T8¢ ®undled
organization of TRN microtubules was estimated via the distributionerfMT distances
within a given cell. Indeed, a perfect bundle displays regularly spatedaddsociated with
inter-MT distances that peak around the average value. In cotiitesgriable MT-MT
spacing that features disorganized MT geometries is predicteeldca distribution of inter-
MT distances more spread along the length axis. In prastdéo compensate for the
intracellular variability of MT organization along TRN processes first selected, in each
serial section, 5-6 images distant from a 300-500 nm stepa€mimage, we drew lines
connecting the center of every MT to the center of its immediate negyhldee length of
each line was then determined, collected and plotted as a function oftiterataindance

within the whole collection.

Indirect immunofluorescence

Fixation of nematodes for indirect immunofluorescence was performeddaug to
established protocols (Gendrel et al., 2009), with few modificatransduced by M. Gendrel
(J.-L. Bessereau lab). Briefly, worms were sandwiched betweenuperfSost Plus glass
slides (ThermoScientific) that do not require any coating.sEmelwich was then warmed for
5 sec on a hot aluminium block and immediately placed on another bloekathatitting on
dry ice for 20 min or more. Cuticles were cracked by splitting the tweifrslides apart with
a razor blade, and open worms were immediately fixed and peitinec in 3.2%
paraformaldehyde and 0.1% Triton X-100 (ZYG-8 staining) or in cadtbae and methanol
(other stainings). After washing, worms were split in as many tubes adedteonditions
and further processed to immunostaining. The following primary an¢ibedere utilized:
1:50 rabbit affinity-purified anti-ZYG-8, 1:500 mouse anti-acetylatelulin (6-11B-1,
Sigma, kindly provided by C. Janke), 1:100 rabbit anti-MEC-2 (kinddyipled by A.
Bounoutas, M. Chalfie lab), 1:100 mouse anti-MEC-4 (ab22184, Abcam) and 1al®00 r
anti-MEC-18 (kindly provided by A. Bounoutas, M. Chalfie lab). Secondary@digb were
1:1000 goat anti-mouse conjugated to Alexa-488 and 1:1000 goalaliti-conjugated to
Alexa-546 (Molecular Probes).
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Western-blotting

Western-blot analysis was performed as described (Bellanger arndyGa003)
using nitrocellulose membranes (Protran, Schleicher & @ghBrimary antibodies used
were: 1:1000 rabbit anti-GFP (Torrey Pines), 1:2000 mousexdntiulin (DM1a, Sigma),
1:100 rabbit anti-ZYG-8, 1:500 rabbit anti-MEC-2 (kindly provided by A. Bounoivas,
Chalfie lab), 1:500 mouse anti-MEC-4 (ab22184, Abcam) and 1:1000 rabbit antdt8IEC
(kindly provided by A. Bounoutas, M. Chalfie lab). The secondary HRP-couptethause
and anti-rabbit antibodies were diluted in PBS and udlete1:10,000. The ECL reaction was

performed as recommanded by the manufacturer (Amersham Pharmacia).
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Figure legends

Figure 1: zyg-8 is expressed irC. elegans neurons

(A) Confocal microscopy imaging &zyg-8::YFP transgenic animals generated by classical
microinjection (1 & 2) or biolistic bombardment (3 & 4). Yellow@vheads point to Touch
Receptor Neurons, white arrowheads to motoneurons along the Ventral Nerve Cord, red
arrowhead to anterior projections of unidentified head neurons markewbie star.

(B) Confocal microscopy images of 3 fixed N2 adult animals immunostaiitiecffinity-
purified anti-ZYG-8 rabbit antibodies (upper panels), monoclonalB4lantibodies that
specifically recognize acetylated tubulin (AcTub, middle panels). Lpaeels correspond to

the merged images (ZYG-8 in red, AcTub in green, colocalization in yellow).

Figure 2: zyg-8ts mutant animals are lethargic and touch insensitive

(A) Still image from representative movies (3 min long, 1 image/se@ulf animals with
the indicated genotypes (N2: wild-type). The position of the tgach animal recorded over
180 frames and is overlaid in blue on each panel. Peak velocity (V), averagéy\v@) and
lethargy ratio (L, corresponding to the fraction of time of total immobilityrd) the 3 min
recording) have been indicated for each animal. Note the sinusaicizs left in the bacterial
lawn by mutant animals, which reflect their normal coordinat®milar results were
obtained for at least 35 animals per genotype.

(B) Touch sensitivity of wild-type anzyg-8 mutant animals shifted to 25°C as embryos or
adults. At least 20 animals were tested for each condition, excéphé® in which 13
animals were tested. Note that mutants are less touch sensitive at 15h@tand0h-long

temperature shift has no effect (lanes 4 and 5).

Figure 3: zyg-8 controls various aspects of neuronal morphology i€. elegans

(A) TRNSs visualized in live animals expressiagec-4::GFP. (1) DIC-GFP composed image
of an adult animal, highlighting positions and projections of the 6 touch cells.

(2-10) Confocal microscopy imaging of representative TRNs frdotype (2-4, ctr) and
zyg-8(or484) animals (5-10zyg-8). Panels 2, 5 and 8 illustrate ALM (plus one AVM in panel
2) neurons, panels 3, 6 and 9 PVM neurons, panels 4, 7 and 10 PLM neuravs. Yell
arrowheads point to varicosities, yellow arrows to ectopic procegsowh, red arrows to
misshaped cell bodies, and the horizontal bracket marks trajeefiect.dA quantification of

these defects is provided in Table 1.
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(B) D-type motoneuron morphology visualized witinc-25::GFP or Pflp13::GFP
transgenes and D neuron synapses visualized with the présyresicle markePunc-25-
snb-1::GFP. (1) GFP image showing positions and projections of the 13 VD and 6 DD
motoneurons in young adult animals, and (2) diagram of the morphologsirajla DD
motoneuron with synapses along dorsal muscles. (3-12) Repregebtakeurons from wild-
type (3-5, ctr) andyg-8 mutantanimals (6-12zyg-8). Projections of wild-type D-type
motoneurons in the dorsal nerve cord (3) and D-type neuron celslattieprocesses along
the ventral nerve cord (4) are shown. Varicosities (yellow arrowsesefor details) and
thinning (yellow bracket) along the dorsal cordzyaj-8(or484) animals are depicted in panel
6, and axon fasciculation and morphology defects (red arrows) iretitalnerve cord of
zyg-8(or490) worms are illustrated in panel 7. Dorsal synapses of the DD neusns ar
visualized by SNB-1::GFP expression in wild-type (5) aygd8(or490) animals (8 and 9).
Additional defects observed myg-8(or484) mutants include DD migration defects (10) and
ectopic synapses formed by a misplaced VD axon in the nose/headafi®)1P depicts a
newly hatcheayg-8(or484) L1 larvae in which the DD neurons extend normally along the
dorsal cord, but each cell lacks a posterior dendrite along the ventrahaprentification of
these defects is provided in Table 3.

In this figure and the following ones, anterior is on the left side andodiggm of the vulva

is marked by a white asterisk.

Figure 4: zyg-8 does not regulate protein levels and transport in TRNs

(A) Western-blot analysis of MEC-18, MEC-4, MEC-2 protein content iraets prepared
from wild-type andzyg-8(or484) mutant adult worms. Alpha-Tubulin is used as a loading
control and MEC-18 is recognized as a doublet.

(B) Confocal microscopy imaging of TRNs in fixed representative - (left panels) and
zyg-8(or484) mutant (right panels) adult animals immunostained with affinity-purified anti-
MEC-2 (top panels) or anti-MEC-4 (middle panels) polyclonabandies. Note on the merge
image (lower panels) that MEC-2 (green) and MEC-4 (red) colocalize botitditywe and

mutant worms. Bar : 10m.

Figure 5: zyg-8 loss-of-function synergizes with colchicine-elicited MT depolymerizatin
in TRNs

(A) Confocal microscopy imaging of representative GFP-expressing Tiaids#ild-type (1-
4, ctr) orzyg-8(or484) (5-8,zyg-8) adult animals grown on 0.1 mM colchicine. 1 and 6:
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AVM, 3 and 5: ALM, 2 and 7: PVM, 4 and 8: PLMs. Yellow arrows pointdtopic process
outgrowth/branching, red arrows to misshaped cell bodies, red arrowtbdaeajsectory
defects and red stars mark process arborizations. Compare thesetofage8A5-10 to
appreciate the synthetic effects of colchicine amg8 loss-of-function on TRN morphology.

(B) Gentle body touch assay. At least 20 animals were tested uctescgalition.

Figure 6: zyg-8 controls MT stability and organization in TRNs

(A1-A3) Transmission electron micrographs of cross-sections of a TRN (PLK et
indicated genotypes. Arrowheads mark the TRN-associated extracelluler andtarrows
mark ordinary (11-pf) MTs found in hypodermal cells. Scale bar imt@0

(A4-A6) High magnification views of four selected MTs for each genosyjmsvn
protofilament organization. Note the unaltered15-pf content of TRN MZgi8 mutants
when compared to wild-type animals. Scale bar is 25 nm.

(B) Bar graph representing the average number of MTs per TRN in wild-tgpe an
zyg-8(or484) animals.

(C) Probability distribution of nearest neighbor inter-MT distances in TRNgild-type and
zyg-8(or484) animals. The median values are indicated by black and blue arcis\véuech are
39.0 and 34.6 nm, respectively. The distributions are significantlreift p<0.01, KS test).
(D) Bar graph representing the average microtubule length per TRNEldaipe andzyg-
8(or484) animals, as determined from serial section datasets amal diginment (Materials
and Methods).

(E) Bar graph representing the average diameter of MTs per TRN in ywédatyd
zyg-8(or484) animals.

Asterisks indicate Student Test statistical significance (* : p<ONDE)Number of TRNs
scored, n = number of individual MTs (panel E) or MT-MT distances (parnst@¢d.
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Table 1. Touch Receptor Neuron Morphology & Outgrowth

Morphology Defects (% animals, n = 2&

Cell Body Proces:

Genotype Nb, Shape | Polarity | Varicosities® | Trajectory * | Ectopic Lateral
(25°C) position ! 2 (ALM;PLM) | (ALM;PVM | branch growth °

(ALM) ‘PLM) (ALM:PLM)
N2; zdl s5 0% 16% 24% 8%;0% 8%;0%;0% 16% 0%;0%
2yg-8(or484); 4% 40% 88% 20%;32% 8%;36%;20 32% 56%;44%
zdl s5 %
2yg-8(or490); 8% 40% 92% 72%;100% 4%;36%;0% 129 48%;609
zdl s

N2 (wildtype) andzyg-8 alleles were crossed tdis5 [ Pmec-4::GFP] worms to visualize
Touch Receptor Neuron morphology. Wildtype and mutant worms were cedtisa 5C as
described in Materials & Methods. Sets of N84 andor490 late embryos were shifted to
25°C and 25 adult animals of each genotype were analyzed.
! Most of the cell bodies in control animals displayed a round and residpe, as illustrated
in Fig. 3A2-4. Defects scored here encompass irregular, elohigespiky shapes.
2 In our hands, control animals typically displayed bipolar ALM neurarestd a posterior
extension longer than the cell bodgyg-8 mutations reduced this posterior process.
Occasionally, the polarity of other TRNs was alteredymr8 mutants, as illustrated in Fig.

3A9 (PVM).

% Most of the TRN processes in control animals were straight and reguiustrated in Fig.
3A2-4. In contrast,zyg-8 mutant animals displayed repeats of inflated areas along the
processes of mostly PLM and AML, as illustrated in Fig. 3A5 and 3A7ofyedirowheads).

“* Although TRN processes followed a straight ventral or anterior path in control st
trajectory inzyg-8 mutants was altered, as exemplified by panel 6 of Fig. 3A. It is worth
noting, however, that we could not find any case of missing connections.
® See Fig. 3A5, yellow arrow for an ALM cell.




Table 2. Touch Receptor Neuron Synaptic Vesicles

Synaptic Vesicle Defects (% animals, n = 3!
Genotype (L4s)! °C Nerve ring puncta PLM puncta
Nb Diffuse/ Sizelspacin Diffuse/
localization localization *
N2; jsls821 15° 3% 14% 14% 6%
N2; jsIs821 25° 3% 17% 29% 6%
zyg-8(0r484); jsl s821 15° 9% 32% 40% 9%
zyg-8(0r484); jsl s821 25° 6% 37% 43% 29%
zyg-8(or490); jsl s821 15° 9% 26% 20% 9%
zyg-8(or490); jsl s821 25° 3% 43% 46% 23%

Journal of Cell Science e Accepted manuscript

N2 (wildtype) andzyg-8 alleles were crossed {&mec-7:: GFP-RAB-3] worms to visualize
Touch Receptor Neuron synaptic vesicles. Wildtype and mutant wormscwiinated at

15°C as described in Materials & Methods. Sets of ®284 andor490 late embryos were
shifted to 25C. Thirty-five worms of each genotype were analyzed as L4s, a larval stage at
which the marker is more consistent and reliable.

* In wild-type L4 animals, GFP-RAB-3 appears as two strong pundteiVNC, posterior to
the vulva. Animals were scored for presence of diffuse GFP or addl¥ieryasmall puncta
mislocalized along the VNC or in the PLM dendrites.
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Table 3. D Neuron Morphology & Outgrowth

Morphology Defects (% animals

Genotype °C Cell Bodies Commissures Fasciculation
N2; juls76 1% 0/30 (0%) 0/30  (0%) 0/30 (0%)
N2; juls76 25° 0/50 (0%) 0/50 (0%) 1/50 (2%)
zyg-8(or484); jul s76 15° 0/22  (0%) 2/22  (9%) 4/22  (18%)
zyg-8(or484); juls76 25° 2/25 (8%) 3/25 (12%) 6/25 (24%)
zyg-8(0r490); juls76 15 0/28 (0%) 2128 (7%) 2128  (7%)
zyg-8(0r490); jul s76 25 6/31 (19%) 5/31 (16%) 23/31 (74%)

N2 (wildtype) andzyg-8 alleles were crossed fols76 [Punc25::GFP; lin-15] worms to
visualize GABAergic DD and VD motor neuron morphology. Wildtype and mutantng/or
were cultivated at P& as described in Materials & Methods. Sets of dt284 and or490
late embryos were shifted to Z5while corresponding controls remained atCl5Six DD
neurons extend axons during embryogenesis, and 13 VD neurons are bartaiaae and
extend processes along the ventral and dorsal cord after the amienahifted to 2. Adult
worms were scored for alterations in cell body size and shape, comesigbat were
misplaced or extended along the wrong side of the body, and defascicafatixons along
the ventral and dorsal nerve cords.



