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Many neurons display characteristic patterns of synaptic connec-
tions that are under genetic control. The Caenorhabditis elegans
DA cholinergic motor neurons form synaptic connections only on
their dorsal axons. We explored the genetic pathways that specify
this polarity by screening for gene inactivations and mutations
that disrupt this normal polarity of a DA motorneuron. A RAB-
3::GFP fusion protein that is normally localized to presynaptic ter-
minals along the dorsal axon of the DA9 motorneuron was used to
screen for gene inactivations that disrupt the DA9 motorneuron
polarity. This screen identified heterochronic genes as major reg-
ulators of DA neuron presynaptic polarity. In many heterochronic
mutants, presynapses of this cholinergic motoneuron are mislocal-
ized to the dendrite at the ventral side: inactivation of the blmp-1
transcription factor gene, the lin-29/Zn finger transcription factor,
lin-28/RNA binding protein, and the let-7miRNA gene all disrupt
the presynaptic polarity of this DA cholinergic neuron. We also
show that the dre-1/F box heterochronic gene functions early in
development to control maintenance of polarity at later stages,
and that a mutation in the let-7 heterochronic miRNA gene causes
dendritic misplacement of RAB-3 presynaptic markers that coloc-
alize with muscle postsynaptic terminals ectopically. We propose
that heterochronic genes are components in the UNC-6/Netrin
pathway of synaptic polarity of these neurons. These findings
highlight the role of heterochronic genes in postmitotic neuronal
patterning events.
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The formation of synaptic connections between neurons and
their targets is a key feature of the nervous system. Caeno-

rhabditis elegans neurons with reproducible morphologies, loca-
tions, neurotransmitter types, and patterns of connectivity are
generated using a variety of spatially reiterated patterns of
neuroblast divisions during development (1). As one of many
specialized features of each neural type, axons and dendrites of
particular neurons are programmed to become functionally and
molecularly distinct specialized signaling centers. These regional
specializations are often maintained throughout life. C. elegans
neuronal polarity is also specified in some regions by the spatial
placement of molecular cues, such as the UNC-6/Netrin extra-
cellular positioning protein that is expressed by asymmetrically
localized signaling centers and read by the UNC-5/Netrin re-
ceptor protein in neurons and other polarized tissues (2). Much
of the C. elegans neuronal polarity generated during develop-
ment is maintained throughout adulthood.
The C. elegans cholinergic motor neuron DA9 has been used

to study synaptic polarity (3). Netrin signaling plays a key role in
the establishment and maintenance of DA9 neuron polarity (4).
Upon binding to its receptor, UNC-5 expressed in the DA9
neuron netrin, triggers a signaling cascade that leads to re-
organization of DA9 membrane and cytoskeletal components
(5). Genes that act in the same DA9 neuronal polarity pathway
as the UNC-5/Netrin receptor and UNC-6/Netrin include cyto-
skeletal regulators of actin and microtubules (6, 7). Discovering
additional genetic components that specify DA9 presynaptic
polarity may reveal genes that are important for the maintenance

of neuronal polarity in other neural classes as well. Under-
standing how polarity pathways are integrated into develop-
mental pathways may reveal new avenues for therapeutics that
maintain signaling networks. Defining genes that alter the
maintenance of neuronal polarity might be important in neuro-
degenerative diseases and aging.
Heterochronic genes control the timing of developmental events

to regulate a number of C. elegans neural developmental events.
For example, the heterochronic gene lin-14 regulates the timing of
synaptic remodeling during larval stage 1 (L1) in the GABAergic
Dorsal D (DD) motorneurons (8). LIN-14 also regulates the timing
of axon guidance in the AVM, PVM, and PVT neurons (9, 10), and
axon degeneration in the PLM neurons (11). Another C. elegans
heterochronic gene, the conserved let-7 miRNA gene, mediates the
age-dependent decline in axon regeneration (12).
RAB-3 is a Ras GTPase localized to presynaptic vesicles of

many C. elegans neurons (13). In the DA class of motoneurons,
RAB-3::GFP is specifically localized to the dorsal axon of those
neurons, where it mediates the cholinergic presynaptic signaling
via neuromuscular junctions to neurite-like outgrowths of dorsal
muscles (14). Here we report results from an RNAi screen to
identify genes that disrupt the normally dorsal polarity of pre-
synaptic RAB-3::GFP localization in the C. elegans DA9 neuron.
We interrogated a cherry-picked library of 135 RNAi-based gene
inactivations, including genes that cause premature aging (15).
Among the most potent gene inactivations that disrupt RAB-
3::GFP polarity in the DA9 neuron was blmp-1. blmp-1 encodes
a transcription factor, which regulates the timing of a dorsal
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migration of the distal tip cells of the hermaphrodite gonad by
inhibiting precocious unc-5 and lin-29 expression (16). In addition
to blmp-1, we demonstrate that other heterochronic genes regu-
late the normally dorsal localization of DA9 neuron presynaptic
signaling specializations. We propose that the heterochronic genes
that regulate the gonad migration are also significant components
in the same UNC-6/Netrin pathway of synaptic polarity of
DA9 neurons during development.

Results
An RNAi Screen Reveals Heterochronic Gene Control of Synapse
Specification. DA9 is a cholinergic motor neuron that is com-
prised of easily identified compartments. Its cell body resides
ventrally and extends an anteriorly oriented dendrite and a
posteriorly oriented axon that via a commissure extends into the
dorsal nerve cord (14). In the dorsal nerve cord, DA9 forms ∼25
en passant presynaptic specializations to neuromuscular junc-
tions in neuron-like processes with postsynaptic specializations
that extend from C. elegans dorsal muscle cells (SI Appendix, Fig.
S1B). The ventral and dorsal compartments of DA9 are molec-
ularly distinct, and their pattern is well characterized (4). The
axon and dendrite of DA9 neuron are highly specialized: the
axon is long and contains presynaptic vesicle proteins and active
zone markers, whereas the dendrite is short and expresses den-
dritic postsynaptic signaling proteins (4, 17). Thus, this simple
neuron serves as an excellent model to uncover genes and
pathways that establish and maintain neuronal polarity.
To identify gene inactivations that disrupt the normal speciali-

zation of synapse localization, we visualized presynaptic speciali-
zations in the C. elegans cholinergic motor neuron DA9 (3) and
scored for RNAi gene inactivations that disrupt this polarity. To
directly visualize the DA9 synaptic specializations, a RAB-3::GFP
fusion protein that is normally localized to presynaptic puncta in

C. elegans neurons was expressed in the DA9 neuron under the
control of a DA9-specific promoter itr-1 (18). To identify genetic
pathways that specify synaptic placement in the DA9 motor-
neuron, we conducted an RNAi screen for gene inactivations that
disrupt the normal localization of RAB-3 to the dorsal region of
DA9 that mediates cholinergic synaptic signaling to dorsal mus-
cles. We used a cherry-picked RNAi library composed of 135
RNAi clones that shorten the lifespan of long-lived daf-2/insulin
receptor mutant C. elegans (15). These gene inactivations that
cause premature aging were candidates to accelerate the loss of
neural function, including synaptic polarization, which occurs during
aging. These progeric gene inactivations had also been character-
ized for defects in movement and many of the identified genes were
annotated to mediate neural control of locomotion (15).
To enhance neuronal sensitivity to RNAi in our screen, we

crossed the RAB-3::GFP presynaptic reporter into a strain car-
rying the RNAi hypersensitive mutations nre-1(hd20)lin-
15b(hd126). We scored animals for ectopic placement of synaptic
vesicles in the ventral dendrite of DA9 and for changes in the
density and fluorescence of synaptic puncta in the dorsal axon (SI
Appendix, Fig. S1A). We screened 5-d-old adult animals to be able
to score for defective maintenance of synapse placement during
aging, as well as defective initial placement of synapses during
development. One of the most effective gene inactivations that
disrupted RAB-3 localization was blmp-1. Inactivation of BLMP-
1 potently affected RAB-3 localization (Fig. 1A). Like the blmp-1
gene inactivation by RNAi, a blmp-1 mutation also caused ectopic
placement of presynaptic puncta in the dendrite of DA9 neuron
(Fig. 2 C and D) [33% ectopic puncta in blmp-1(s71) mutants vs.,
2% ectopic puncta in wild type]. Perhaps as a consequence of the
inappropriate ventral placement of puncta, the intensity of syn-
aptic puncta on the dorsal side, where they are normally specifi-
cally localized, was lower in the blmp-1mutant compared with wild

Fig. 1. Identification of gene inactivations that
modify GFP::RAB-3 localization in the DA9 motor
neuron. (A1–A2) blmp-1 RNAi causes misplacement
of presynaptic marker RAB-3 in the dendrite of the
DA9 neuron. Representative linescans of Pitr1:rab-
3:gfp;nre-1(hd20)lin-15b(hd126) transgenic animals
on empty vector or control (ct) RNAi and blmp-1 RNAi.
Arrows indicate ectopic dendritic GFP::RAB-3 pre-
synaptic puncta. Arrowhead indicates the dendrite in
animals treated with control RNAi. A, anterior; P,
posterior; D, dorsal; V, ventral. Images were taken at
the 5-d-old adult stage. (Scale bars, 10 μm.) (A3) On
the left side, the DA9 cell body extends a dendrite
anteriorly along the ventral side and an axon extends
via a commissure to the dorsal side. En passant pre-
synaptic terminals (green dots) are formed within a
discrete axonal region. A, anterior; D, dorsal; P, pos-
terior; V, ventral. (B) Gene inactivations that cause
ectopic dendritic localization of the RAB-3 presynaptic
marker in the DA9 neuron. The plotted x axis corre-
sponds to the median values of three independent
experiments. Data are represented relative to the
empty vector control as the mean ± SEM of three bi-
ological replicates.
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type (SI Appendix, Fig. S3). In addition to blmp-1, of the
135 progeria genes tested, we identified 19 other gene inactiva-
tions that cause ectopic dendritic localization of RAB-3 synaptic
components in more than 20% of animals tested (Fig. 1B and SI

Appendix, Table S1); many of these genes mediate endosomal
vesicular trafficking (SI Appendix, Fig. S2 and Table S1). We fo-
cused on blmp-1 because it is a heterochronic gene that regulates
developmental timing events. C. elegans blmp-1 (the ortholog of

Fig. 2. Heterochronic mutations disrupt RAB-3::GFP localization in the DA9 neuron. (A) Quantification of ectopic dendritic localization phenotype of the RAB-
3 puncta in transgenic animals treated with RNAi of heterochronic genes. n = 32–39 worms in each condition. *P < 0.05, two-tailed Student’s t test. Error bars
represent SEM. (B) Representative linescans of Pitr1:rab-3:gfp;nre-1(hd20)lin-15b(hd126) transgenic animals after knockdown of heterochronic genes by RNAi at
20 °C. Animals were scored for ectopic localization of GFP::RAB-3 puncta in the dendrite. Arrows mark the ectopic RAB-3 presynaptic puncta in the dendrite of the
DA9 neuron. A, anterior; D, dorsal; P, posterior; V, ventral. (Scale bars, 10 μm.) (C andD) Loss of blmp-1 causes ectopic dendritic localization of RAB-3 presynaptic marker
in 5-d-old adult animals. (C) Confocal images of synaptic vesicle associated protein GFP::RAB-3 pattern in wild-type and blmp-1(s71) mutants. Arrows indicate ectopic
dendritic RAB-3::GFP presynaptic puncta. (Scale bars, 10 μm.) (D) Quantification of ectopic dendritic localization phenotype of the RAB-3 puncta in wild-type and blmp-
1(s71) mutants. n = 45–47 worms per genotype. ***P < 0.0001, two-tailed Student’s t test. Error bars are SEM. (E and F) lin-29(n482) mutants show dendritic GFP::RAB-
3 puncta localization in 5-d-old adults. (E) Confocal images of the pattern of synaptic vesicle associated protein GFP::RAB-3 in wild type and lin-29(n482)mutants. Arrows
indicate ectopic dendritic RAB-3::GFP presynaptic puncta. (Scale bars, 10 μm.) (F) Quantification of ectopic dendritic localization phenotype of the RAB-3 puncta in wild
type and lin-29(n482)mutants. n = 43–47 worms per genotype. *P < 0.05, two-tailed Student’s t test. Error bars are SEM. (G and H) dre-1(dh99) lofmutants show ectopic
dendritic GFP::RAB-3 puncta in 5-d-old adult animals. (G) Linescans of representative wild-type or dre-1(dh99) mutant 5-d-old adults expressing GFP::RAB-3 presynaptic
puncta. Arrows indicate ectopic dendritic GFP::RAB-3 presynaptic puncta. (Scale bars, 10 μm.) (H) Quantification of ectopic dendritic localization phenotype of the RAB-
3 puncta in wild type and dre-1(dh99) mutants. n = 34–36 worms per genotype. *P < 0.05, two-tailed Student’s t test. Error bars are SEM. (I and J) Loss of unc-5 function
causes ectopic dendritic GFP::RAB-3 puncta localization in 5-d-old adult animals. (I) Representative linescans of wild-type and unc-5(e53) mutant animals expressing
GFP::RAB-3. (Scale bars, 10 μm.) (J) Quantification of the phenotype of GFP::RAB-3 localization in DA9 in unc-5(e53) mutant animals. n = 27 animals per genotype. *P <
0.05, two-tailed Student’s t test. Error bars are SEM.
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mammalian B lymphocyte-induced maturation protein 1) encodes
a zinc finger and SET domain-containing protein (16, 19). In
humans, BLIMP-1 acts as a repressor of β-IFN gene expression
(20). C. elegans BLMP-1 regulates the dorsal migration of distal tip
cells of the gonad during development (16, 19). Blmp-1 is a tran-
scriptional regulator that affects the late events in developmental
timing circuits, including those of migratory cells.
C. elegans neuronal polarity in particular postmitotic neurons

is regulated by the asymmetrically expressed spatial cue, UNC-6/
netrin, which is detected by the UNC-5/Netrin receptor. The
polarity of the DA9 neuron is disrupted by mutations in unc-5/
Netrin receptor or the unc-6/Netrin gene (21). These genes
mediate initial placement of synaptic components early in devel-
opment, as well as the maintenance of that polarity throughout
adulthood (21). The netrin receptor protein UNC-5 is expressed
in the DA9 neuron early in development and accumulates in
dendrites to exclude presynaptic components from the dendrite
(4). UNC-5 is also expressed throughout adulthood and it is re-
quired to maintain neuronal polarity (4). Temporally regulated
expression of the netrin receptor UNC-5 in the distal tip cell, a
somatic cell that guides the migration of the developing germline,
is also required for the dorsal migration of the distal tip cells in the
hermaphrodite gonad during development (22, 23). Given that
heterochronic genes control the timing of distal tip cell migration
in the hermaphrodite gonad by the timely expression of the netrin
guidance receptor unc-5, we hypothesized that heterochronic
genes might affect the polarity of DA9 neurons in adults.
Given the strong effect of BLMP-1 on synaptic polarity and

the precedent for heterochronic gene control of netrin signaling,
we examined other heterochronic mutations, including lin-42,
daf-12, lin-29, and dre-1, which affect developmental timing in
the gonadal distal tip cells (16). Inactivation by RNAi of heter-
ochronic genes (such as lin-29 and dre-1) caused the assembly of
ectopic ventral presynapses, as reported by ectopic placement of
RAB-3::GFP puncta in the ventral dendrite of the DA9 neuron
(Fig. 2B, quantified in Fig. 2A). In the lin-29 heterochronic
mutant, RAB-3::GFP was similarly mislocalized to the dendrite
in 40% of animals tested, far more than wild type (Fig. 2E,
quantified in Fig. 2F). lin-29 encodes a zinc-finger transcription
factor (24) that is first expressed in the early L4 larval stage,
where it mediates seam cell differentiation; LIN-29 is also
expressed in particular neurons but its role there is unknown
(25). LIN-29 expression is also maintained in the adult (26). The
RAB-3::GFP localization defect in the DA9 neuron in adults
hints at a late-stage neural role for LIN-29 function.
C. elegans dre-1 encodes a conserved F box protein that

functions in an SCF E3-ubiquitin ligase complex to regulate the
transition to adult hypodermal programs (27). BLMP-1 is a
substrate of the DRE-1 complex (19). We tested whether a dre-1
mutation affected the localization of the RAB-3 presynaptic
marker. We generated a CRISPR mutant allele of dre-1(dh99)
in the RAB-3::GFP reporter strain. At the adult stage, the dre-1
mutant mislocalized RAB-3::GFP in the dendrite of DA9 (Fig. 2
G and H) [52% ectopic dendritic presynaptic puncta in dre-
1(dh99) mutants vs. 11% ectopic puncta in wild type].
Mutations in some heterochronic genes cause reiterations of

earlier developmental events, a retarded phenotype, whereas
other heterochronic mutants cause a skipping of developmental
events, a precocious phenotype (28, 29). Although dre-1(dh99)
and blmp-1(s71) cause retarded and precocious distal tip cell
migrations, respectively, they have the same DA9 polarity defect:
RAB-3::GFP puncta were mislocalized in the DA9 dendrite in
both blmp-1(s71) and dre-1(dh99) mutant animals (SI Appendix,
Fig. S4B). The double-mutant dre-1(dh99);blmp-1(s71) showed a
frequency of ectopic dendritic RAB-3::GFP puncta similar to
either single mutant, suggesting that these genes act in the same
pathway for DA9 polarity (SI Appendix, Fig. S4).

One possible explanation for the effect of heterochronic mu-
tations on the polarity of the DA9 neuron is that heterochronic
genes act in the same pathway as the netrin receptor, unc-5 in the
DA9 neuron, similar to its regulation in the gonad during the
migration of distal tip cells. In unc-5–null mutants, presynaptic
specialized puncta were displaced to the ventral side of animals in
48% of animals tested (Fig. 2I, quantified in Fig. 2J and described
ref. 4). To test whether BLMP-1 acts in the same pathway as the
UNC-5/Netrin receptor to affect synaptic polarity of DA9 neuron,
we analyzed unc-5(e53);blmp-1(s71) double-mutant 5-d-old adult
animals. The unc-5(e53);blmp-1(s71) double mutant showed a
much stronger DA9 ventral synaptic puncta defect than either
single mutant: 11% of unc-5(e53) mutants show axon guidance
defect and abnormal clustering of RAB-3::GFP presynapses, the
blmp-1(s71) mutant shows no axon guidance defect, whereas 60%
of unc-5(e53);blmp-1(s71) double mutant shows an axon guidance
defect and abnormal placement of RAB-3::GFP presynaptic spe-
cializations (SI Appendix, Fig. S5). This aberrant axon positioning
and placement of DA9 presynapses in unc-5(e53);blmp-1(s71)
double mutants was also present at the L4 developmental stage
(SI Appendix, Fig. S6). This result indicates that there is a strong
genetic interaction between the two blmp-1 and unc-5–null mu-
tations during axon guidance of the DA9 neuron, suggesting that
these genes act in parallel pathways.

Developmental Timing Genes Control RAB-3 Localization at Early
Developmental Stages. We also observed the placement of DA9
synaptic specializations in wild-type and heterochronic mutants
at earlier larval stages to discern whether the heterochronic
genes specify the initial placement of synapses or the mainte-
nance of those specializations. The DA9 neuron is generated
during embryonic development and by the end of the L2 larval
stage is fully developed (Fig. 3A). We first observed the dorsal
RAB-3::GFP placement at the L2 stage in wild type or lin-
29(n482). We observed no difference in the dorsal localization of
GFP::RAB-3 puncta at either the L2 or L3 stages in the lin-29
mutant compared with wild type (Fig. 3 B–E). This is not sur-
prising because the earliest expression of LIN-29 is during the
L4 larval stage (26). At the L4 larval stage, lin-29(n482) mutants
showed a small but not significant shift of GFP::RAB-3 puncta
into the dorsal asynaptic area compared with wild-type animals
(Fig. 3F, quantified in Fig. 3H).
Given that dre-1mutant animals had the most penetrant RAB-3

dendritic localization defect at the adult stage, we determined at
which larval stage the defect arises. We observed that the dre-1
mutant showed defects in RAB-3 dendritic localization at the
L3 stage (Fig. 3D, quantified in Fig. 3E). Presynaptic puncta were
mislocalized in the normally asynaptic ventral domain of the
DA9 neuron in 40% of dre-1(dh99) L3 stage mutant animals
compared with 3% in L3 stage wild type (Fig. 3 D and E). After
the L3 stage, RAB-3 synaptic puncta continued to mislocalize at
the asynaptic region of DA9 in the dre-1 mutant (Fig. 3F). RAB-3
was mislocalized in 39% of dre-1(dh99) mutant animals at
L4 larval stage compared with 8% in L4 stage wild-type animals
(Fig. 3F, quantified in Fig. 3G). Thus, the synaptic mislocalization
of dre-1 mutants arises before the L3 larval stage.
lin-29 activity is required to trigger hypodermal seam cell

terminal differentiation at the L4 stage (26); lin-29mutants display
a retarded phenotype or delayed transition to adulthood (28, 30).
Mutations in other heterochronic genes, such as lin-4, lin-14, lin-28,
and lin-42 alter the timing of seam cell terminal differentiation but
act at earlier larval stages (28, 31). Mutations in lin-14, lin-28, and
lin-42 cause precocious adult stage differentiation, resulting in
“larvae” with adult cuticle (28). Sequential activities of heterochronic
genes at earlier larval stages culminates in the adult-stage expression
of LIN-29 transcription factor. We tested whether additional het-
erochronic genes also specify the pattern of presynapses in DA9
neuron in animals that are 5 d old.
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The lin-4 miRNA directs hypodermal seam cell differentiation
at the end of the first larval stage through negative regulation of
its mRNA targets lin-28/lin-14 (Fig. 4A) (28, 30, 32). We assessed
whether a lin-4–null mutant, lin-4(e912) causes ectopic dendritic
localization of RAB-3 presynaptic marker or affected dorsal
RAB-3 puncta. The lin-4(e912) mutation caused a 50% reduc-
tion in dorsal GFP::RAB-3 compared with wild type (Fig. 4B,
quantified in Fig. 4C). We also tested whether lin-28 hetero-
chronic mutation affects the localization of RAB-3 presynapses
in the DA9 neuron. A lin-28 mutation caused inappropriate
positioning of presynaptic puncta in the dendrite of DA9 neu-
rons in 58% of animals tested compared with wild type (Fig. 4D,
quantified in Fig. 4E). The above genetic results suggested that
heterochronic genes differentially regulate RAB-3 presynaptic
localization.
We also tested whether other heterochronic mutants that

control the later larval-to-adult transition also control neuronal
polarity of the DA9 neuron at the adult stage. The microRNA
let-7 directs hypodermal seam cell divisions from developmental
stage L4 to adulthood through negative regulation of its mRNA
targets hbl-1 and lin-41 (Fig. 5A) (33–36). Similar to the lin-29
mutant, let-7 mutant animals show retarded phenotypes: the let-7

mutants display incomplete hypodermal seam cell divisions and
poor or no adult alae, whereas in lin-29 mutants these events fail
entirely (33, 35, 37). We tested the RAB-3::GFP localization
at the adult stage in the temperature-sensitive mutant let-7(n2853ts).
We observed that in let-7(n2853ts) mutants synaptic vesicle proteins
accumulated in the ventral processes of DA9 that is normally de-
void of synaptic terminals [48% of let-7(n2853ts) adults at the
nonpermissive temperature compared with 8% in wild type (Fig.
5B, quantified in Fig. 5C)]. This result indicates that the let-7
miRNA is required for the correct positioning of RAB-3
presynaptic marker in adults.
To test if the ectopic accumulation of presynaptic vesicles

reveal functional synapses, we examined whether the ectopic
synaptic vesicle puncta colocalize with muscle-specific acetyl-
choline receptor UNC-29, which constitutes the postsynaptic
side of a motor neuron to muscle cholinergic synapse. To visu-
alize the acetylcholine receptors, we used a transgenic strain
expressing a knockin UNC-29-tagRFP L-AChR subunit (38).
Using confocal linescans, we observed that the ectopic pre-
synaptic puncta that accumulate in the ventral side of DA9
neuron colocalized with postsynaptic UNC-29 acetylcholine re-
ceptor in let-7(n2853ts) mutant animals (Fig. 5D). These results

Fig. 3. Testing heterochronic mutants for DA9
neuron GFP::RAB-3 polarity defects at early
developmental stages. (A) A diagram depicting the
timeline of the DA9 neuron development. Pheno-
types of heterochronic mutants were scored at larval
stages L2, L3, and L4. (B and C) Localization of
GFP::RAB-3 in wild-type and lin-29(n482) animals at
the L2 larval stage. In both wild-type and lin-
29(n482) mutant animals, RAB-3 is localized at the
dorsal side in the axonic region of DA9. (B) Schematic
diagrams showing phenotypes are displayed above
each image. (Scale bars, 10 μm.) (C) Quantification of
the localization of GFP::RAB-3 of wild-type and lin-
29(n482) animals at L2 larval stage. Images were
generated by a confocal microscope. n = 37–47 worms
per genotype. n.s is not significant. Error bars are SEM.
(D and E) Animals expressing GFP::RAB-3 specifically
in the DA9 (wyIs85) in wild type, dre-1(dh99), and lin-
29(n482) mutants at L3 larval stage. In dre-1(dh99)
mutants there is localization of GFP::RAB-3 in the nor-
mally asynaptic domain of DA9 as shown in D. Arrows
indicate ectopic GFP::RAB-3 in DA9. Linescans were
generated by a confocal microscope. Schematic
diagrams showing phenotypes are displayed above
each image. (Scale bars, 10 μm.) (E) Quantification of
the GFP::RAB-3 localization at the asynaptic domain
at L3 larval stage. n = 26–38 worms per genotype.
*P < 0.05, two-tailed Student’s t test. Error bars are
SEM. (F–H) Localization of RAB-3 puncta in wild type,
dre-1(dh99), and lin-29(n482) mutants at L4 larval
stage. (F) Representative confocal images of animals
expressing the synaptic vesicle marker GFP::RAB-3 in
wild type, dre-1(dh99), and lin-29(n482) mutants. Ar-
rows indicate the ectopic GFP::RAB-3 puncta at the
asynaptic domain of DA9. (Scale bars, 10 μm.) Sche-
matic diagrams showing phenotypes are displayed
above each image. (G) Quantification of GFP::RAB-
3 localization along the DA9 in wild type and dre-
1(dh99) at L4 larval stage. n = 54–60 worms per
genotype. *P < 0.05, two-tailed Student’s t test. Error
bars are SEM. (H) Quantification of GFP::RAB-3
localization along the DA9 in wild type and lin-
29(n482) at L4 larval stage. n = 60 worms per geno-
type. n.s is not significant, two-tailed Student’s t test.
Error bars are SEM.
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suggest that these ectopic accumulations of synaptic components
in DA9 dendritic regions are functional synapses.
One explanation for the effect of heterochronic mutations on

the polarity of the DA9 neuron is that LIN-29 may be expressed
in DA9 neurons and the other heterochronic genes may act
upstream of LIN-29. LIN-29 is expressed in multiple ventral cord
neurons (25), where it may regulate the expression of the netrin
receptor, similar to its regulation in the gonad during the mi-
gration of distal tip cells. LIN-29 expression in probable neurons,
including the tail region near DA9, is located has been noted
(26) and we verified this (SI Appendix, Fig. S7).

A cdk-5 Mutation Alters Localization of the RAB-3 Presynaptic Marker
in the DA9 Neuron.We screened another heterochronic mutant in
our collection, in the transcription factor gene pqm-1, for defects
in RAB-3 localization in the DA9 motorneuron. We analyzed
this heterochronic mutant because pqm-1 regulates adult-specific
vitellogenesis in a LIN-29–dependent manner (39). The strain
RB711 carries a 1,470-bp deletion of the pqm-1(ok485) locus that
was generated by UV mutagenesis. When we crossed the strain
with the GFP::RAB-3 presynaptic reporter, we found that the
pqm-1(ok485) lesion did not affect GFP::RAB-3 localization but
surprisingly identified a locus unlinked to pqm-1 that disrupted the
normal pattern of synapse formation in DA9. By SNP polymorphism

mapping between N2 and Hawaiian strains (40), we mapped this
mutation to the third chromosome. Whole-genome sequencing
identified a 155-bp deletion that deletes the last codon of exon
4 of the gene cdk-5 [Chr III (13,779,739-13,782,893)] with an
insertion of two bases (GA) (SI Appendix, Fig. S8) that causes a
frameshift. This allele was named cdk-5(mg696). cdk-5 encodes a
cyclin-dependent kinase-5 (CDK-5) that is known to regulate
synaptogenesis in DA9 and DD motorneurons (3, 41).
Does the cdk-5 gene function in the heterochronic genetic

pathway to specify DA9 polarity? We generated the double-
mutant cdk-5(mg696);blmp-1(s71). cdk-5(mg696) mutant ani-
mals showed RAB-3::GFP localization in both dorsal and ventral
sides in 100% of animals tested (SI Appendix, Fig. S9). We did
not observe any difference in synaptic polarity of DA9 neuron in
cdk-5(mg696);blmp-1(s71) mutants compared with cdk-5(mg696)
mutants (SI Appendix, Fig. S9). This result indicates that BLMP-
1 acts in the same pathway as CDK-5 to modulate DA9 synaptic
polarity. We also tested for a genetic interaction between cdk-5
and unc-5 by observing a cdk-5(mg696);unc-5(e53) double mutant.
We observed that in ∼50% of cdk-5(mg696);unc-5(e53) animals
tested there was a “shift” in RAB-3 localization only to the ventral
side, compared with cdk-5(mg696) mutants (SI Appendix, Fig.
S10). This result indicates that unc-5 lof mutants affect the ability
of CDK-5 to regulate DA9 synaptic polarity, and that like the

Fig. 4. Heterochronic mutants differentially regu-
late synapse localization in the DA9 neuron at the
adult stage. (A) A diagram showing the timing of
expression and the lin-28 and lin-14 mRNA targets of
lin-4 miRNA during larval development. (B) Dorsal
presynapses have decreased fluorescence in the dorsal
side in lin-4(e912) mutants compared with wild type.
Note the reduced GFP::RAB-3 intensity in the dorsal
processes in lin-4(e912) mutants (B2), compared with
wild-type animals (B1). D, dorsal processes; V, ventral
processes; Schematic diagrams are illustrated in B3.
(Scale bars, 10 μm.) (C) Average intensity quantifica-
tion of fluorescence intensity for dorsal GFP::RAB-3 at
5 d old adult stage; n = 27 worms in each genotype.
***P < 0.0001, Student’s t test. Error bars are SEM.
(D) Wild-type animals expressing GFP::RAB-3 in
DA9 motor neurons (wyIs85) at 5-d-old adult stage
(D1). lin-28(n719) mutants show ectopic dendritic
localization of GFP::RAB-3 puncta at 5-d-old adult
stage (D2). Schematic diagrams showing pheno-
types are displayed below each image. Green dots,
GFP::RAB-3; D, dorsal processes; V, ventral pro-
cesses. Schematic diagrams are illustrated in D3.
(Scale bars, 10 μm.) (E ) Quantification of ectopic
dendritic RAB-3 puncta localization phenotype. n =
38–39 worms in each genotype. *P < 0.05, Error
bars are SEM.
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other heterochronic mutants, cdk-5 acts in a pathway parallel
to unc-5.

Behavioral Changes in 5-d-Old Heterochronic Mutants. Worms can
move forward toward attractive stimuli and backward away from
aversive stimuli using distinct neural circuits. The motorneuron
DA9 is required for backward locomotion. To test whether
heterochronic mutants display defects in backward locomotion
that may be associated with the DA9 polarity defects, we de-
livered tapping stimuli to the head of 5-d-old animals and
recorded their backward locomotion. Without tapping, wild-type
animals displayed a sinusoidal movement caused by waves of
muscle contraction along the body axis (SI Appendix, Fig. S11A).
blmp-1(s71) animals are smaller than wild type and displayed a
sinusoidal wave with similar amplitude to wild type (SI Appendix,
Fig. S11B). lin-29(n482) and dre-1(dh99) mutant animals also
exhibited altered sinusoidal forward movement similar to wild
type (SI Appendix, Fig. S11 C and D). After tapping the head,
wild-type animals moved backward along the same trajectory as
the preceding forward movement, but they also turned before

they changed their direction of movement within 10 s after the
initial tapping stimulus (SI Appendix, Fig. S11 F–F″). blmp-1(s71)
mutants showed ∼70% reduced backward speed compared with
wild type (SI Appendix, Fig. S11E). blmp-1 mutant animals also
exhibited changes in backward locomotion: blmp-1(s71) animals
moved backward along the same trajectory as the preceding
movement but they did not turn and their path was shorter than
wild type. This change in backward locomotion could be
explained by the altered contraction of dorsal body wall muscles
in response to a decrease in DA9 motorneuron synapses on the
dorsal side. lin-29(n482) mutants after the tapping stimulus also
responded with large reversals and displayed a slightly larger
amplitude of sinusoidal movement compared with wild-type
animals (SI Appendix, Fig. S11 H–H″). Backward locomotion
was also altered in dre-1(dh99) mutants. Whereas dre-1 mutants
turned after the tapping stimulus similar to wild-type animals,
they also “coiled” before they changed their direction of move-
ment (SI Appendix, Fig. S11 I–I″). We also measured the reversal
distance and duration (SI Appendix, Fig. S12). The reversal speed
of blmp-1(s71) mutant animals was reduced compared with wild

Fig. 5. Ectopic ventral RAB-3 puncta in let-
7(n2853ts) mutants colocalize with postsynaptic
muscle acetylcholine receptors (UNC-29::RFP). (A) A
diagram showing the timing of expression of let-7
miRNA and its targets lin-41 and hbl-1 during larval
development. (B) Wild-type animals expressing
GFP::RAB-3 in DA9motor neurons (wyIs85) at 5-d adult
stage (B1). let-7(n2853ts) mutants show ectopic
dendritic localization of GFP::RAB-3 puncta in 5-d-old
adult animals (B2). Schematic diagrams showing pheno-
types are displayed below each image. Green dots,
GFP::RAB-3; D, dorsal processes; V, ventral processes.
(Scale bars, 10 μm.) (C) Quantification of ectopic dendritic
RAB-3 puncta localization phenotype. n = 36 worms in
each genotype. *P < 0.05, Student’s t test. Error bars are
SEM. (D) Colocalization of DA9 presynaptic terminals
(GFP::RAB-3) with postsynaptic muscle acetylcholine re-
ceptors (UNC-29::RFP). Wild-type or let-7(n2853ts) mu-
tant animals coexpressing GFP::RAB-3 and UNC-29::RFP
were imaged at 5-d-old adult stage. (Scale bars,
10 μm; scale bars apply to Right panels as well.) Arrows
show the colocalization of presynaptic and postsynaptic
terminals ectopically.
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type, lin-29(n482), and dre-1(dh99) mutants; they displayed a
similar duration of their reversal behavior, but they covered a
shorter reversal distance (SI Appendix, Fig. S12).

Discussion
We have identified heterochronic genes as regulators of synaptic
polarity of the DA9 motorneuron. Mutations or gene in-
activation by RNAi of heterochronic genes altered the localiza-
tion of RAB-3 presynaptic marker in the DA9 neuron. RNAi of
the blmp-1 heterochronic gene or other heterochronic genes,
including lin-29 and dre-1, caused dendritic localization of the
normally dorsal presynaptic marker RAB-3 (Figs. 1A and 2 A
and B). Loss-of-function mutations in blmp-1 or lin-29 also
caused late-onset DA9 synaptic polarity defects (Fig. 2 C–F),
whereas dre-1 loss-of-function mutants had ectopic RAB-
3 localization as early as the L3 developmental stage (Fig. 3
D–F). We also found that the let-7 miRNA and lin-28/RNA
binding heterochronic genes control maintenance of DA9 syn-
aptic polarity (Figs. 4 and 5). Heterochronic genes are known to
function in neurons (8–12). We propose that heterochronic
genes impact synapses in the DA9 neuron and alter axodendritic
polarity. The appearance of ectopic synaptic vesicles in the
dendrite in DA9 neuron in heterochronic mutants could indicate
an increased synaptogenesis at the ventral side. Further analysis
that will test whether the ectopic dendritic synaptic vesicles are
able to release neurotransmitters at the ventral side and activate
the body wall muscles will further establish their role in synaptic
transmission. The additional genetic components of DA9 neu-
ronal polarity were also uncovered from this screen (SI Appendix,
Table S1) and may reveal how the UNC-5 receptor signal is
transduced to control neuronal axodendritic polarity.
Heterochronic genes act as an intrinsic developmental timer

that regulates the pattern of cell lineage and other develop-
mental events during larval development (29). In the hermaph-
rodite, L1 larvae hatch with 202 somatic and 20 pharyngeal
neurons. Only three (of eight) motorneuron classes are present
in the first larval stage: the cholinergic DA and DB and the
GABAergic class DD. Later on, 80 postembryonic neurons are
born to make a total of 302 somatic neurons (42). Interestingly,
the timing of neurogenesis for most of the postembryonic neu-
rons is during L1 to L2 and L2 to L3 molts (42). The PDE
neurons of the posterior deirid are an example of neurogenesis
during the molt. The postembryonic V5 ectoblasts in C. elegans
produce a mixture of neurons and hypodermal cells (43). During
the L2 stage, the lineage of V5 becomes distinct from that of the
other V cells and gives rise to V5.pa cell, a neuroblast that
generates PDE in late L2 (44). Intriguingly, some of the heter-
ochronic genes described above regulate developmental events
during these molts. For example, the lin-4 heterochronic gene
regulates transition from L1 to L2 larval stage (28, 30, 32).
Furthermore, mutations in lin-28 gene cause skipping of L2 fates
leading to precocious expression of adult cell fates (45). While
there is some evidence that the heterochronic gene lin-4 regu-
lates the timing of neuroblast divisions in C. elegans (1), a linkage
between the heterochronic pathway and neurogenesis has not
been established.
In invertebrates, such as Drosophila, a distinct pattern of

transcription factors is expressed in the neuroblasts as they divide
to give rise to neurons at each developmental stage (46, 47). In
C. elegans, neurogenesis is regulated by a distinct set of tran-
scription factors whose activity is mediated by a battery of
downstream genes (1). One of the key elements of neurogenesis
is the UNC-6/Netrin and UNC-5 receptor dorsal pathfinding
system. During neurogenesis, neurons that turn dorsally activate
transcription of the netrin receptor UNC-5 (48). Is the UNC-5/
netrin signaling pathway linked to the activity of transcription
factors that control neurogenesis in C. elegans? Transcriptional
control of the netrin receptor UNC-5 might be regulated by

modulating the activity of particular transcription factors (49).
It is plausible that maintenance of neuronal polarity of
DA9 neuron is controlled by a repertoire of genes that are im-
plicated in the initial neurogenesis, such as transcription factors.
There might be a coupling of signals regulated by transcription
factors that act early during neurogenesis with heterochronic
genes to control polarity of DA9 neuron via unc-5 signaling.
It is not known how the synaptic polarity phenotype of the

heterochronic mutants is coupled to UNC-6/Netrin signaling.
There may be mRNA targets of heterochronic lin-4 or let-7
miRNAs expressed in DA9 neuron. Interestingly, let-7 controls
the temporal cell fate in the mushroom body lineage in Dro-
sophila by targeting the transcription factor chinmo (50). And let-7
is enriched in human and mouse brain samples (51). It is plausible
that this conserved miRNA may control the fate of neural dif-
ferentiation programs in vertebrates.
During gonadal migrations, the hermaphrodite distal tip cells

migrate along the larval body wall before they form a mature
gonad. Distal tip cells are born during the L1 molt and remain
stationary until mid L2 stage (52). Then they move in opposite
directions along the ventral body muscles, stopping in mid
L3 stage before they move dorsally (52). Distal tip cells stop
migrating at the end of L4 (52). Increased expression of UNC-
5 in the distal tip cells is required for the ventral-to-dorsal turn of
the distal tip cells (53). Heterochronic genes allow UNC-5 to be
expressed at the proper time to drive distal tip cell migrations
(54). Similarly, during the development of the nervous system,
the UNC-5 receptor is expressed and localized to particular
segments of developing neurites and it is transcriptionally con-
trolled as neurons turn dorsally (48). In the DA9 neuron UNC-5
is involved in both axon guidance and synaptogenesis and it is
required for initial placement and maintenance of presynaptic
complexes in C. elegans (4, 55). Our result that blmp-1 lof mu-
tants affect axon guidance of DA9 neuron in adult animals in a
UNC-5–dependent manner indicates that the heterochronic
signaling pathway interacts with the UNC-6/Netrin and UNC-5
receptor dorsal pathfinding system to guide initial placement of
the axon of DA9 at the dorsal side during development. It is
plausible that this interaction is required for the presynaptic
vesicles to be properly maintained at the correct position later
in adulthood.
One form of neural plasticity is neural rewiring, which happens

during the molt. One example of neural rewiring is the change in
connectivity of the GABArgic DD motor neurons during L1 to
L2 transition in development (14). The cyclin-dependent kinase
CDK-5 stimulates UNC-104/Kinesin-3–mediated synaptic vesicle
transport during synapse remodeling in DD neurons (41). We
found that CDK-5 regulates the synaptic polarity of the
DA9 neuron and this process is dependent on UNC-5. CDK-
5 dysregulation has been linked to Alzheimer’s disease (56),
and CDK-5 deregulation leads to neurodegeneration in dopa-
minergic neurons in Drosophila (57). Because synapse elimina-
tion is a key pathological hallmark in several neurodegenerative
diseases (58), strategies to delineate the cellular pathways that
regulate neuronal polarity might be key to understand the mo-
lecular basis of these devastating conditions.
Our results support a model that heterochronic genes control

DA9 synaptic polarity via unc-5–dependent signaling (SI Appen-
dix, Fig. S13). UNC-6/Netrin expression forms a dorsal-ventral
gradient, which is required for DA9 to form the dorsally di-
rected axon and the ventrally directed dendrite (4, 59). Loss of the
extracellular cue UNC-6/Netrin or its receptor UNC-5 show ec-
topic dendritic localization of the RAB-3 presynaptic marker (4).
Our work shows that heterochronic genes, which control the
migration of gonadal cells during development in an unc-5–
dependent manner, also play a role in the maintenance of
synaptic polarity of DA9 neuron at the adult stage. Do heter-
ochronic genes act upstream of netrin signaling to control the
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neuronal polarity or they act intrinsically within the DA9
neuron downstream of unc-6 extracellular cue? Do hetero-
chronic genes affect synaptic polarity in other C. elegans
neurons as well? Further investigations into the role of het-
erochronic genes in mammalian models of polarity, such as
cortical pyramidal neurons (60–62), will further establish their
impact on axodendritic polarity. Pathways that maintain synaptic
polarity may present novel targets for treatment of cognitive de-
cline in the neurodegenerative brain.

Materials and Methods
C. elegans Strains. N2 Bristol was used as the wild-type reference strain.
Worms were raised in OP50 Escherichia coli-seeded NGM plates at 20 °C,
except for lin-28(n719), let-7(n2853ts), and let-7(mg279), which were main-
tained at 15 °C. A complete list of the strains used in this study is described in
(SI Appendix, Table S2).

RNAi Strains. RNAi clones for individual experiments were obtained from
the RNAi sublibrary composed of genes that are related to progeria (15) or
the full genome Ahringer and Vidal RNAi libraries (63–65), and confirmed
by Sanger sequencing. The L4440 empty vector was used in all experiment as
the RNAi control. All strains were grown overnight in Luria–Bertani medium
with 50 μg/mL ampicillin, concentrated 10× by centrifugation, seeded onto 6-cm
agar plates containing 5 mM isopropyl-β-D-thiogalactoside (IPTG), and in-
cubated at room temperature overnight to induce dsRNA expression. L4 larvae
expressing Pitr-1::GFP::RAB-3 transgene in the nre-1(hd20)lin-15b(hd126) back-
ground (66) were added on the seeded RNAi plates containing Fluorodeox-
yuridine (FUDR). The animals were incubated for 5 d at 20 °C before they were
imaged.

Epifluorescence Microscopy. Animals were mounted on 2% agarose pads and
immobilized using Polybead Polysterene 0.10-μm Microspheres (Poly-
sciences). Images generated by an epifluorescence microscope were col-
lected using a Zeiss Axio Image Z1 microscope, equipped with a Zeiss
AxioCamHRc digital camera, and using Axiovision software. All transgenic
worms were imaged at 40× or 63×. Images were processed using ImageJ
software. For all fluorescence images, any images shown within the same
figure panel were collected together using the same exposure time and
then processed identically in ImageJ.

Confocal Microscopy. Confocal images were acquired using an Olympus FV-
1000 confocal microscope with an Olympus PlanApo 60× oil 1.45 NA ob-
jective at 2× zoom, a 488-nm Argon laser (GFP), and a 559-nm diode laser
(mCherry). Worms were immobilized using polysterene 0.10-μm micro-
spheres (Polysciences) and oriented dorsal up. Maximum-intensity pro-
jections of z-series stacks were made using Metamorph 7.1 software
(Molecular Devices).

Image Analysis and Quantification. Confocal scans using fixed acquisition
parameter were processed using custom software in IGOR Pro (WaveMetrics)
to generate line-scan data. Images of fluorescence slides (Chroma Technology
Group) were captured during each imaging session to provide a fluorescence
standard for comparing absolute fluorescence levels between animals.
Background signal (charge-coupled device dark current and slide auto-
fluorescence) was subtracted before analysis. Automated image analysis
provided five image parameters as described in Dittman and Kaplan (67). The
“peak” value is the ratio of peak fluorescence to the fluorescent slide
standard. “Axon” is the ratio of baseline fluorescence (the minimum fluo-
rescence level over a 5-μm interval within the dorsal cord image) to the
fluorescent slide standard. “Synaptic enrichment” (% ΔF/F) is defined as
(Fpeak − Faxon)/Faxon. “Width” is the width of each punctum at half the
maximum peak fluorescence. “Density” is the number of fluorescence
peaks found per 10 μm of cord analyzed. These values were quantified
for dorsal GFP::RAB-3 puncta analysis in animals treated with RNAi
clones from the sublibrary, including genes in (SI Appendix, Table S1)
and for analysis of dorsal GFP::RAB-3 in heterochronic mutants. The
dorsal fluorescence “peak” values reported in Fig. 4C and SI Appendix,
Fig. S3 are means ± SEM. Quantification of ectopic dendritic puncta was
performed manually.

Staging and Analysis. To precisely synchronize the worms at a developmental
stage, gravid adult worms were collected, synchronized by NaOCl bleaching
and overnight hatching inM9. Animals at the L1 stagewere placed at 20 °C to

OP50-containing plates to develop for 9 h and collected as L2 larvae for
imaging. To image animals at the L3 larval stage, we placed L1 larvae at
OP50-containing plates at 20 °C and collected after 19 h. To image animals
at the L4 larval stage, we placed L1 larvae at OP50-containing plates at 20 °C
and imaged after 31 h. Then the phenotype of DA9 presynaptic localization
was tested using a confocal microscope.

Genome Modification by CRISPR/Cas9. Guide RNA was selected by searching
the desired genomic interval for “NNNNNNNNNNNNNNNNNNRRNGG,”
using Ape DNA sequence-editing software (http://jorgensen.biology.
utah.edu/wayned/ape/). To generate a guide RNA construct, we used Q5 site-
directed mutagenesis, as described previously (68). Repair template oligos
were designed as described previously (69, 70). Injections were performed
using the editing of dpy-10 (to generate cn64 rollers) as phenotypic co-
CRISPR marker (70, 71). Injection mix contained 60 ng/uL each of the co-
CRISPR and gene-of-interest targeting Guide RNA/Cas9 construct, and
50 ng/uL each of the co-CRISPR and gene-of-interest repair oligos. Guide
RNA and homologous repair template sequences are listed in SI Appendix,
Table S3.

Identification of the cdk-5 Deletion. We performed snip-SNP mapping using
SNPs from the Hawaiian strain (40) to identify a region at the III chro-
mosome containing the mutant allele. Deep sequencing was performed
using DNA from mutant F2s generated by outcrossing the original mutant
strain to the Hawaiian strain. Genomic DNA was prepared using the
Gentra Puregene Tissue kit (Qiagen, #158689) according to the manufac-
turer’s instructions. Genomic DNA libraries were prepared using the
NEBNext genomic DNA library construction kit (New England Biololabs,
#E6040), and sequenced on an Illumina Hiseq instrument. Deep-sequencing
reads were analyzed using Cloudmap (72). Deep sequencing revealed a
155-bp deletion in the cdk-5 gene starting from the last codon of exon 4
[Chr III (13,779,739–13,782,893), Wormbase vWS268] with an insertion of
two bases (GA).

Indirect Immunofluorescence. Worms were prepared using a modification of
a freeze crack protocol (73). Briefly, populations of adult worms were
washed 3–4× with distilled water. Adult wild-type and mutant nema-
todes were then added to poly-L-ysine–coated slides and per-
meabilized by freeze-cracking. Worms were then fixed by methanol/
acetone fixation method. Fixed and permeabilized animals were placed
in blocking solution (10% serum in antibody buffer) at 4 °C overnight.
Samples of fixed worms were incubated with anti–LIN-29 primary
polyclonal antibody (26) at a final dilution (1:50) in antibody buffer
(10× PBS, 0.5% Triton X-100, 1 mM EDTA, 0.1% BSA, 0.05% sodium
azide, pH to 7.2) plus 1% BSA at 4 °C overnight. Slides were washed 3×
with antibody buffer and 1× with PBS before adding secondary anti-
body (Alexa Fluor 647 goat anti-Rabbit IgG, Invitrogen A21245), (1:200) in
antibody buffer plus 1% BSA at 4 °C overnight. Slides were washed 3× with
antibody buffer and added to PBS solution until mounted with DAPI
(Thermo Fisher Scientific). Images were acquired with Zeiss Axio Image
Z1 microscope with a 40× and 63× oil-immersion objectives using
Axiovision software.

Locomotion Assay and Behavioral Analysis. Backward locomotion was
quantified by placing 5-d-old adults on a freshly spotted NGM plate with
OP50 bacteria. After 10 min of free movement at 20 °C, the locomotion
behavior of 5-d-old adult worms was recorded on a Zeiss Discovery
Stereomicroscope. Individual worms were lightly tapped with a plati-
num wire. Recordings were 10-s long. Centroid velocity of each animal
was analyzed at each frame using object-tracking software in Axiovi-
sion (74). The speed of each animal was calculated by averaging the
velocity value at each frame. The tapping protocol was repeated for
three trials and an average of three trials was taken. Total magnifica-
tion is 8×. A Mann–Whitney test with nonparametric Gaussian distri-
bution was used for statistical analysis using Prism software. Images of
worm tracks were taken on plates with a lawn of OP50 bacteria spotted
24 h before imaging with a Zeiss Discovery Stereomicroscope.
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