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SUMMARY

A common organizational feature of nervous systems is the existence of groups of neurons that 

share common traits but can be divided into individual subtypes based on anatomical or molecular 

features. We elucidate the mechanistic basis of neuronal diversification processes in the context of 

C. elegans ventral cord motor neurons which share common traits that are directly activated by the 

terminal selector UNC-3. Diversification of motor neurons into different classes, each 

characterized by unique patterns of effector gene expression, is controlled by distinct combinations 

of phylogenetically conserved, class-specific transcriptional repressors. These repressors are 

continuously required in postmitotic neurons to prevent UNC-3, which is active in all neuron 

classes, from activating class-specific effector genes in specific motor neuron subsets via discrete 

cis-regulatory elements. The strategy of antagonizing the activity of broadly acting terminal 

selectors of neuron identity in a subtype-specific fashion may constitute a general principle of 

neuron subtype diversification.

INTRODUCTION

The systematic classification of neurons into individual types and subtypes has been a 

central goal of neuroscience since the days of Ramon y Cajal. In vertebrate nervous systems, 

neuron type classification schemes are based on anatomical, electrophysiological and 

functional features and are currently accumulating more granularity with the advent of more 

refined molecular classification schemes (Macosko et al., 2015; Nelson et al., 2006; Tasic et 

al., 2016; Zeisel et al., 2015). One core organizational principle has already been evident for 

a long time: Neurons can be grouped together based on a number of shared molecular, 
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functional and developmental traits, but can be subdivided into individual subtypes based on 

subtype-specific traits. For example, serotonergic neurons in the vertebrate central nervous 

system are a group of neurons in the Raphe nuclei of the brainstem defined by their usage of 

the same neurotransmitter and their specification by the transcription factor PET1, but they 

fall into specific subtypes based on anatomical, functional and molecular features (Gaspar 

and Lillesaar, 2012; Jensen et al., 2008; Okaty et al., 2015). Similarly, midbrain neurons that 

utilize dopamine as a neurotransmitter are a group of neurons that are specified by a 

common set of transcription factors, but can be also further subdivided into individual 

subtypes based on electrophysiological criteria and molecular features (Poulin et al., 2014; 

Roeper, 2013). These examples point to a bipartite scheme of neuron classification and 

subtype specification: A common factor specifies a group of neurons with shared features, 

but additional regulatory mechanisms must then operate to diversify neurons into individual 

subtypes. The mechanistic basis of such diversification processes is not well understood and, 

more generally, the existence and extent of diversification of neuronal subtypes remains ill-

defined in complex vertebrate nervous systems.

We study this problem in the nervous system of the nematode Caenorhabditis elegans. The 

302 neurons of its nervous system are exceptionally well described on an anatomical level 

(White et al., 1986) and also on a molecular level (www.wormbase.org). Motor neurons 

(MNs) in the C. elegans ventral nerve cord (VNC) are a paradigm for the neuron subtype 

diversification problem described above. The VNC is populated by cholinergic and 

GABAergic MNs that innervate body wall muscles. As illustrated in Fig.1A, cholinergic 

MNs can be further divided into six classes (subtypes), the embryonically generated DA and 

DB and the post-embryonically generated AS, VA, VB and VC classes (Von Stetina et al., 

2006; White et al., 1976). The DA, DB, VA, VB and AS (but not VC) classes not only share 

the common trait of being cholinergic (Duerr et al., 2008), but their identities are also 

specified by the same transcription factor, the COE/EBF-type transcription factor UNC-3 

(Kratsios et al., 2011). DA, VA and AS can be grouped together based on additional shared 

anatomical and functional traits, as can DB and VB classes (White et al., 1976). For 

example, DA and VA are required for backward locomotion, while DB and VB classes 

control forward locomotion (Chalfie et al., 1985).

Each individual MN class can also be distinguished at the molecular level by their class-

specific expression of a specific combination of effector genes that define the unique 

properties of each individual MN class. These effectors include neurotransmitter receptors, 

gap junction proteins, signaling molecules, and ion channels (Fig.1B,C). Importantly, the 

terminal selector gene unc-3 is known to be required not only for the expression of shared 

traits of these cholinergic MNs (e.g. of proteins that synthesize and package acetylcholine 

(ACh)), but also for the expression of the MN class-specific features (Fig.1C). Such 

necessity is not only revealed by the loss of expression of class-specific effector genes in 

unc-3 mutants, but is also reflected by the presence and requirement of UNC-3 binding sites 

in these genes (Kratsios et al., 2011). This poses an intriguing conundrum that is analogous 

to the situation found in many other neuron subtypes with shared traits: How can a 

transcription factor that activates shared traits in a group of neurons, also activate specific 

traits only in subsets of these neurons? For example, how does PET1 activate serotonin 

pathway genes in all vertebrate serotonergic neurons, but also activate the expression of a 
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host of other genes only in a subtype-specific manner (Okaty et al., 2015; Wyler et al., 

2016)? Understanding the mechanistic basis of this problem will provide a major step 

towards understanding how a brain can generate a diverse set of neuron subtypes.

Two different scenarios can, in principle, be envisioned for how such diversification 

processes work: The activator that controls shared traits in several neurons, like UNC-3 in C. 
elegans VNC MNs, requires class-specific cofactors to activate class-specific features (upper 

panels in Fig.1D). Alternatively, the shared regulatory factor is capable of activating all 

features, including class-specific features, but is prevented from doing so via class-specific 

repressor proteins (lower panel in Fig.1D). These two models make specific genetic 

predictions: A loss of direct co-activator function would lead to loss of expression of class-

specific features, while a loss of direct repressor function would lead to ectopic expression 

of class-specific features. We tested these predictions by performing genetic screens for 

mutants in which the expression of class-specific features is altered. These screens, as well 

as the testing of candidate genes, reveal a remarkably homogenous picture for how 

cholinergic MN classes diversify: MN class-specific repressor proteins act in distinct classes 

to prevent UNC-3 from activating subsets of class-specific effector genes. These class-

specific repressors include several previously known transcription factors and also a newly 

identified Zn finger transcription factor, BNC-1. All repressors are phylogenetically 

conserved. We propose that the mechanism that we define here may constitute a broadly 

applicable principle of neuron identity diversification across phylogeny.

RESULTS

Genetic screens for motor neuron class-specific regulators

To test the different models for MN identity specification (Fig.1D), we screened for mutants 

in which MN class-specific effector genes are either misexpressed (supporting the repressor 

model) or lost in specific MN classes (supporting the co-activator model). We initially chose 

two different reporter transgenes for our genetic screens: (a) a reporter for unc-129, a TGFβ-

family member gene which is a direct target of UNC-3 (Kratsios et al., 2015) expressed in 

DA and DB classes of cholinergic VNC MNs (but not VA, VB and AS classes, where unc-3 
actively promotes cholinergic identity yet is apparently not sufficient to induce unc-129 
expression); (b) a reporter for unc-53, a novel unc-3-dependent gene encoding a cytoskeletal 

protein expressed in DA and AS, but not VA, DB or VB MN classes (Fig.4E,F). We 

mutagenized these reporter strains with ethyl methanesulfonate (EMS) and screened 

~70,760 haploid genomes for expression defects of the unc-129 reporter and ~4500 haploid 

genomes for expression defects of the unc-53 reporter. In the ensuing section, we describe 

three distinct complementation groups identified from these screens.

A phylogenetically conserved Zn finger transcription factor regulates motor neuron class-
specific gene expression

From the screen for unc-129::gfp expression defects, we isolated a mutant allele, ot721, in 

which unc-129 is ectopically expressed in VNC MNs other than those of the DA and DB 

classes (Fig.2A,B). Another mutant allele, ot763, was retrieved in which unc-53::gfp is also 

ectopically expressed in VNC MNs (Fig.2G,H). ot721 and ot763 display similar phenotypes; 

Kerk et al. Page 3

Neuron. Author manuscript; available in PMC 2018 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in both mutant strains, ectopic expression of unc-129 is observed in VA and VB MNs, with 

similar penetrance and expressivity. ot721 and ot763 fail to complement each other, 

suggesting that both mutant alleles affect the same gene (Fig.2A,B).

Through our previously described mapping and whole-genome sequencing pipeline (see 

Supplemental Experimental Procedures), we localized the molecular lesions of ot721 and 

ot763 to a previously uncharacterized C2H2 Zn finger-encoding gene (Fig.S2A,B). This 

gene represents the sole ortholog of a Drosophila transcription factor called Disco and two 

paralogous human genes called Basonuclin 1 and 2 (BNC1 and BNC2; Fig.2C,D) 

(Vanhoutteghem et al., 2011) and we therefore named the C. elegans locus bnc-1. Disco and 

C. elegans BNC-1 are likely repressor proteins based on the presence of a binding site for 

the corepressor protein CtBP and the ability of the fly Disco protein to physically interact 

with CtBP (Patel, 2007).

The ot721 allele is defined by a mutation of a critical Zn coordinating cysteine in the second 

of the two C2H2 Zn fingers of BNC-1, whereas ot763 is defined by a premature stop codon 

before the Zn finger domains, thus constituting a likely null allele. The unc-129 expression 

defect of the bnc-1(ot763) mutant can be rescued by: (a) a genomic sequence that 

exclusively encompasses the bnc-1 locus (1.8 kb upstream of the start codon to the stop 

codon); (b) a construct in which the bnc-1 locus cDNA is specifically driven in cholinergic 

MNs under control of the unc-3 promoter (Fig.2A,B,F; Fig.S1A).

We analyzed the expression of several different class-specific MN genes in bnc-1 mutants 

and found a coherent theme: All MN class-specific genes that are normally not expressed in 

VA and VB become ectopically expressed in VA and VB MNs of bnc-1 mutants. Apart from 

the DA/DB-specific unc-129 gene, this ectopic VA and VB expression applies to the gene 

reporters of unc-53 (DA/AS-specific); the DEG/ENaC channel unc-8 (DA/DB/AS-specific); 

and the nicotinic ACh receptor (nAChR) acr-16 (DB-specific) (Fig.2G,H). VA/VB-specific 

(del-1 and inx-12) or DB/VB-specific (acr-5) genes are not affected in bnc-1 mutants, and 

neither is the overall morphology of VA and VB MNs. Moreover, expression of genes shared 

by all cholinergic MNs (e.g. ACh pathway genes) is unaffected in bnc-1 mutants (Fig.S1B–

F). Taken together, bnc-1 appears to repress genes that are expressed in neither VA nor VB 

classes, and these MNs adopt a “mixed” identity in bnc-1 mutants due to derepression of 

these genes in VA and VB MNs (summarized in Fig.2I; Fig.8A).

By tagging the bnc-1 locus with mNeonGreen (mNG) using CRISPR/Cas9-based genome 

engineering, we find that bnc-1 displays a remarkably specific expression pattern. In both 

males and hermaphrodites, bnc-1 is almost exclusively expressed in VA and VB MNs (Fig.

2E), indicating that it functions cell-autonomously. Weaker expression is also observed in 

the SABV neuron pair (Fig.S4A). The protein localizes exclusively to nuclei. bnc-1 
expression is initiated around the postembryonic birth of VA and VB MNs at the late first 

larval (L1) stage and is maintained throughout the life of the animals. A similar expression 

pattern is observed with successively smaller reporter gene constructs: (a) a fosmid reporter 

in which bnc-1 is tagged at the C-terminus; (b) the aforementioned rescue construct that 

contains sequences 1.8 kb upstream of the start codon all the way to the stop codon; (c) a 
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promoter fusion construct that only contains the sequence 1.8 kb upstream of the start codon 

(Fig.3D,E; Fig.S1G,H).

The ectopic gene expression in VA and VB MNs of bnc-1 mutants depends on unc-3, since 

in bnc-1; unc-3 double mutants the ectopic as well as wildtype (DA and DB) expression of 

the unc-3 target unc-129 is lost (Fig.2A,B). We conclude that bnc-1 genetically acts to 

prevent unc-3 from activating target genes in VA and VB, and henceforth that bnc-1 loss 

results in VA and VB MNs acquiring a “mixed” identity where unc-3 can now activate target 

genes that are normally expressed in a more restricted, class-specific manner.

The T-box transcription factor mab-9 represses VA and VB identity features in DA and DB 
motor neurons

Another allele retrieved from our screens, ot720, displayed a fundamentally distinct 

phenotype from bnc-1 mutants: unc-129 expression in DA and DB MNs is lost in these 

animals (Fig.3A,B). By whole-genome sequencing, we identified the molecular lesion of 

ot720 as a missense mutation in the previously identified T-box gene mab-9, the C. elegans 
ortholog of vertebrate TBX20 (Fig.S2C) (Woollard and Hodgkin, 2000). Animals carrying a 

previously described splice site mutation, e2410, and a premature stop codon identified in 

the Million Mutation Project (Thompson et al., 2013), gk396730, in the mab-9 locus show 

the same loss of unc-129 expression as ot720 animals. From our screen for defects in unc-53 
expression, we identified yet another mab-9 allele, ot788, in which animals lose unc-53 
expression in DA MNs (Fig.3A,B; Fig.S2D). mab-9 was previously described to be 

expressed in DA and DB MNs (Fox et al., 2005).

Loss of expression of class-specific effector genes is consistent with the UNC-3 co-activator 

model (Fig.1D). However, based on: (a) the repressor function of mab-9 orthologs in other 

species (Formaz-Preston et al., 2012; Kaltenbrun et al., 2013); (b) the presence of an 

Engrailed homology motif in MAB-9 (Copley, 2005) (c) the above-described repressive 

effect of bnc-1 on unc-129 and unc-53 expression, we considered the alternative possibility 

that mab-9 acts as a repressor of bnc-1 expression in DA and DB MNs. As a consequence, 

derepression of bnc-1 in mab-9 mutants may then result in loss of unc-129 and unc-53 
expression. In support of this notion, genetically, we indeed find that in mab-9; bnc-1 double 

mutants, the loss of unc-129 expression in mab-9 mutants depends on bnc-1 (Fig.3A,B). 

Moreover, expression of bnc-1 is derepressed in DA and DB MNs in mab-9 mutants. This 

repressive effect of mab-9 appears direct since deletion of predicted MAB-9 binding sites 

upstream of the bnc-1 locus results in ectopic expression of bnc-1 in DA and DB MNs (Fig. 

3D,E; Fig.S1H).

However, mab-9 not only represses the regulatory factor bnc-1, it also represses three unc-3-

dependent VA/VB-specific effector genes in DA and DB MNs, namely the DEG/ENaC 

channel del-1, the innexin inx-12, and the GABA receptor lgc-36 (Fig.3F,G; Fig.S1I; 

summarized in Fig.3H; Fig.8A). Hence, in analogy to our observations in bnc-1 mutants, we 

considered the possibility that the ectopic expression of VA and VB genes in DA and DB 

MNs of mab-9 mutants is a reflection of these genes now being available for activation by 

unc-3. We indeed find that ectopic del-1 expression is abolished in mab-9; unc-3 double 

mutants (Fig.3F,G). Since expression of DB/VB-specific acr-5 is unaffected in mab-9 
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mutants (Fig.S1J), we conclude that mab-9 targets only genes that are expressed in neither 

DA nor DB MNs.

Lastly, we asked whether mab-9 is not only required, but also sufficient to block VA and VB 

gene expression. To this end, we ectopically expressed mab-9 cDNA in VA and VB MNs 

using the unc-3 promoter and find that VA/VB-specific del-1 is indeed turned off in these 

transgenic animals. Moreover, DA/DB-specific unc-129 becomes ectopically expressed in 

VA and VB MNs, apparently because ectopic mab-9 expression represses bnc-1, the 

VA/VB-specific repressor of unc-129 (Fig.3A,F; Fig.S1K).

The COUP-TF orphan nuclear receptor unc-55 represses DA/DB- and VA/VB-specific 
identity features in the AS motor neuron class

The third complementation group isolated from our screens is defined by a single allele, 

ot718 (Fig.4A,F). ot718 animals display an uncoordinated locomotory “coiler” phenotype 

that resembles a number of different unc mutants, including unc-55 mutants (Shan et al., 

2005; Walthall and Plunkett, 1995; Zhou and Walthall, 1998). ot718 indeed fails to 

complement the unc-55 allele e1170 and harbors a premature stop codon in the fourth exon 

of the unc-55 locus (as does the previously non-sequenced e402 allele) (Fig.4B). unc-55 
encodes an orphan nuclear receptor of the COUP-TF type and is expressed in AS MNs (and 

GABAergic VD) where its function was not previously examined (Shan et al., 2005; 

Walthall and Plunkett, 1995).

We find that the expression of four unc-3-dependent effector genes, all expressed in DA and 

DB but not AS MNs (TGFβ family members unc-129 and dbl-1, nAChR acr-2, and 

potassium channel slo-2), becomes derepressed in AS MNs of unc-55 mutants (Fig.4A,C,F; 

Fig.S3A; summarized in Fig.4G; Fig.8A). This ectopic expression depends on unc-3 as 

unc-55; unc-3 double mutants display no derepression (Fig.4A,F). VA/VB-specific del-1 is 

not derepressed in AS MNs of unc-55 mutants. Since mab-9 which represses del-1 in DA 

and DB is also expressed in AS MNs (Fox et al., 2005), we tested whether unc-55 and 

mab-9 may work redundantly to repress del-1 in AS MNs. Indeed, del-1 is derepressed in 

AS MNs in unc-55; mab-9 double mutants (Fig.4A,F). We note that the expression of both 

DB-specific acr-16 and DB/VB-specific acr-5 is unaffected in unc-55 mutants (Fig.S3B). 

Altogether, it appears that genes that are derepressed in AS in unc-55 mutants normally need 

to be expressed in the DA class (which is morphologically most similar to AS (White et al., 

1976)).

unc-4 and vab-7 are additional repressors that control motor neuron class identity

bnc-1, mab-9 and unc-55 represent repressors that counteract unc-3 in a subset of MN 

classes. We set out to test whether other previously described repressors may operate in a 

similar manner. Specifically, the Prd-type homeobox gene unc-4 (UNCX in vertebrates) has 

previously been shown to repress DB/VB features in DA/VA MNs; these features include 

synaptic connectivity pattern (White et al., 1992), DB/VB-specific expression of nAChR 

acr-5 (derepressed in DA/VA MNs of unc-4 mutants; Fig.S3C,D) (Kratsios et al., 2011; 

Winnier et al., 1999), and DB-specific expression of nAChR acr-16 (derepressed in DA MNs 

of unc-4 mutants; Fig.4D,F) (summarized in Fig.4G; Fig.8A). Both acr-5 and acr-16 are 
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unc-3-dependent genes, and unc-4 also appears to counteract the activity of unc-3 in DA and 

VA MNs (Fig.4D,F). We note that the expression of DA/DB-specific unc-129 is unaffected 

in unc-4 mutants (Fig.S3D) and conclude that unc-4 targets only genes that are normally 

expressed in neither DA nor VA classes.

The homeobox gene vab-7, the ortholog of Drosophila Eve and vertebrate EVX, was 

previously shown to be expressed in DB MNs and to repress unc-4 expression in this class 

(Esmaeili et al., 2002). However, effector genes under the control of vab-7 had not been 

described. In analogy to mab-9 which represses both a regulatory factor and effector genes, 

we find that vab-7 also counteracts unc-3 activity to repress DA/AS-specific unc-53 in DB 

MNs (Fig.4E,F) (summarized in Fig.4G; Fig.8A). Taken together, unc-4 and vab-7 operate 

along similar lines as bnc-1, mab-9 and unc-55, albeit with different spectra of MN class 

specificity. Lastly, we tested whether the mutant defects of these repressors which act in 

distinct classes are additive in nature. To this end, we built bnc-1; unc-55, mab-9; unc-55, 
bnc-1; unc-4, and bnc-1; vab-7 double mutants, and find that their defects are indeed 

additive (Fig.4A,D–F).

A similar repressor logic operates in SAB motor neurons in the head

Moving outside the VNC, we asked whether the MN diversification process of a different 

anatomical region of the C. elegans nervous system operates by a similar principle. 

Specifically, we considered the SAB MNs of the head, whose cell bodies are located in the 

retrovesicular ganglion (RVG), from which they send processes to innervate head muscle. 

Based on anatomical and molecular features, SAB MNs can be divided into two distinct 

subclasses: ventral SABVs (consisting of SABVL and R) and a single dorsal SABD (Fig.

5A). Like in VNC MNs, unc-3 is required for the expression of genes that are: (a) shared by 

all three SAB MNs; (b) exclusively in SABVs (del-1) or SABD (unc-129) (Kratsios et al., 

2015; White et al., 1986). We find that a subset of repressors that counteract unc-3 in VNC 

MNs also do so in SAB MNs. Specifically, in mab-9 mutants, SABV-specific del-1 is 

derepressed in SABD, while SABD-specific unc-129 expression is lost. The latter effect, as 

in VNC MNs, is due to ectopic expression of bnc-1 in mab-9 mutants because: (a) in mab-9; 
bnc-1 double mutants, unc-129 expression in SABD is restored (Fig.5B–D); (b) bnc-1 is 

derepressed in SABD of mab-9 mutants (Fig.S4A) (summarized in Fig.5E).

unc-4 also affects SAB subclass specification in a repressive manner that is conceptually 

similar to its function in VNC MNs. Specifically, in unc-4 mutants, we observe a 

derepression of unc-129 in SABVs, suggesting that unc-4 counteracts unc-3 similarly in 

SABVs as it does in VNC MNs. In addition, del-1 expression is lost in SABVs; this appears 

to be a consequence of mab-9 derepression in SABVs of unc-4 mutants, since del-1 
expression is restored in unc-4; mab-9 double mutants (Fig.5B–D; see also Fig.S4A) 

(summarized in Fig.5E). Based on the molecular criteria tested here, we conclude that in the 

absence of unc-4 and mab-9, respectively, SABVs and SABD adopt a “mixed” identity. 

Altogether, we find that the repressor logic we identified by probing MN class 

diversification in C. elegans VNC also operates in another anatomical region of the nervous 

system to generate MN diversity.
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Two additional repressors in VNC MNs repress the SAB-specific gene glr-4

It is notable that unc-3 directly drives the expression of glr-4, a glutamate receptor (GluR) 

gene, in all three SAB but not in VNC MNs (Kratsios et al., 2015). Despite all precedents 

detailed thus far, we did not observe consistent derepression of glr-4 in VNC MNs of any of 

the repressor mutants described above (Fig.S4B). We therefore conducted another genetic 

screen to identify possible repressors of glr-4 expression. From a screen of ~1500 haploid 

genomes for glr-4::tagrfp derepression in VNC MNs, we identified two alleles, ot785 and 

ot786. Specifically, ot785 animals show glr-4 derepression in AS MNs, while in ot786 
animals, glr-4 becomes derepressed in DA and DB MNs (Fig.5F; Fig.S4C,D). Through 

whole-genome sequencing, we found that ot786 animals harbor an early stop codon in the 

first exon of the ARID-type transcription factor cfi-1. An independent cfi-1 allele, ky651 
(Shaham and Bargmann, 2002), phenocopies the ot786 mutant phenotype which can be 

rescued with fosmid DNA that contains the cfi-1 locus (Fig.5F,G; Fig.S4C). The second 

allele, ot785 defines a distinct locus; it is a missense mutation in the lin-13 gene, a Zn finger 

transcription factor (Melendez and Greenwald, 2000). An independent lin-13 allele, n770, 

displays the same glr-4 derepression phenotype (Fig.5F,H; Fig.S4D). We did not further 

pursue the characterization of lin-13 henceforth (see Fig.S4D for reason).

cfi-1 was previously shown to be expressed in a neuron class-specific manner and involved 

in specific neuronal fate decisions (Shaham and Bargmann, 2002; Zhang et al., 2014). In 

VNC MNs, we observed cfi-1 expression in cholinergic DA, DB, VA and VB (and also 

GABAergic DD and VD) but not AS or VC, nor in SAB or DA9 MNs where glr-4 is 

normally expressed (Fig.S2E,F). Genetic double mutant analysis shows that the derepression 

of glr-4 expression in VNC MNs of cfi-1 mutants requires unc-3 (Fig.5F; Fig.S4C). We note 

that genes expressed either in subsets of cfi-1-expressing neurons (i.e., acr-5 in DB, VB; 

del-1 in VA, VB; inx-12 in VA,VB MNs) or more broadly (i.e., unc-17 in all cholinergic 

VNC MNs) are not affected in cfi-1 mutants (Fig.S4G). We thus conclude that cfi-1 targets 

only genes whose expression is specific to SAB MNs of the RVG and not VNC MNs.

UNC-3 activity is counteracted by repressor proteins through discrete repressive cis-
regulatory elements

To explore the mechanistic basis of the antagonistic effects of the repressors described 

above, we dissected the cis-regulatory control region of the following unc-3-dependent, MN 

class-specific, terminal effector genes: TGFβ family member unc-129, DEG/EnaC channel 

del-1, nAChR acr-16, and GluR glr-4. Sequences 5’ to the start codon of these genes all 

contain UNC-3 binding sites (COE motifs). Previous work has already demonstrated that the 

COE motifs in del-1, unc-129, and glr-4 are required for their expression (shown again in 

Fig.6) (Kratsios et al., 2015; Kratsios et al., 2011), and mutation of the COE motif in acr-16 
demonstrates the same requirement for this gene (Fig.6C,D,I).

Each of these four effector genes also harbors, in relatively close proximity to the COE 

motif (15 to 60 bp), predicted binding sites for any of the four presumptive repressor 

proteins: BNC-1, MAB-9, UNC-55, and CFI-1 (Fig.6). These binding site predictions are 

based on in vitro-determined binding site motifs using C. elegans proteins (BNC-1 and 

CFI-1) or on motifs determined for orthologs in other species (MAB-9 and UNC-55) (Table 
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S1, related to Fig.6). We find that in every case tested, mutation of these binding sites results 

in the predicted derepression of the respective reporter genes. Specifically, mutation of the 

predicted BNC-1 binding site in the unc-129 5’ upstream region results in derepression of 

unc-129 reporter in VA and VB MNs (Fig.6A,B,I), phenocopying the effect of bnc-1 loss on 

wildtype unc-129 reporter (Fig.2A,B). Similarly, mutation of the predicted BNC-1 binding 

site in the acr-16 locus also results in ectopic VA and VB MN expression of the reporter 

(Fig.6C,D,I). Mutation of the predicted MAB-9 binding site in the del-1 promoter results in 

derepression in DA and DB MNs (Fig.6E,F, I), phenocopying the genetic removal of mab-9 
(Fig.3F,G). Again, mirroring the genetic analysis that indicated a redundant function for 

mab-9 and unc-55 in repressing del-1 in AS (Fig.4A,F), only the deletion of both MAB-9 

and UNC-55 binding sites results in del-1 reporter derepression in AS MNs (Fig.6E,F, I). 

Lastly, mutating predicted CFI-1 binding sites in the glr-4 cis-regulatory region results in 

ectopic DA and DB MN expression (Fig.6G,H,I), as in cfi-1 mutants (Fig.5F; Fig.S4C).

We conclude that the overall logic in the function of the repressors lies in these proteins 

binding to sites that are in proximity to UNC-3 binding sites, thereby blocking the activating 

effects of UNC-3 on the expression of these effector genes. Removal of either the repressor 

binding site or the repressor itself allows UNC-3 to activate its target.

Repressor proteins are continuously required to counteract UNC-3 activity

Are MN class-specific repressors only transiently required to, for example, establish a 

repressive chromatin environment or are they continuously required to prevent activation of 

genes by UNC-3? We generated conditional alleles of the repressors, based on an auxin-

inducible degron (AID) system that can remove tagged proteins in a temporally controlled 

fashion (Zhang et al., 2015). We first used this system by tagging the unc-3 locus using 

CRISPR/Cas9-mediated genome engineering. AID-tagging resulted in a slight reduction of 

UNC-3 activity, even without the addition of auxin; however, postdevelopmental addition of 

auxin significantly augmented these mild defects, demonstrating that UNC-3 is continuously 

required to maintain effector gene expression in VNC MNs (Fig.7A,B).

We then proceeded to tag the endogenous bnc-1 and mab-9 loci with AID. In both cases, we 

find that continuous treatment with auxin results in the expected loss of function phenotypes 

for the respective loci. Removal of either repressor protein at postdevelopmental stages alone 

also resulted in derepression of effector genes (unc-129 in the case of bnc-1::mng+aid and 

del-1 in the case of mab-9::tagrfp+aid) (Fig.7C–I). We conclude that BNC-1 and MAB-9 are 

indeed continuously required to prevent UNC-3 from ectopically activating MN class-

specific genes.

Conversely, we asked whether genes that are ectopically activated by UNC-3 in the absence 

of BNC-1 or MAB-9, can be shut off following late supply of BNC-1 or MAB-9. In other 

words, do repressors need to be present during the initial activation phase or can they exert 

their effect even after activation has occurred? Using the AID-tagged bnc-1 allele, we find 

that ectopic unc-129 expression due to BNC-1 removal via constitutive supply of auxin can 

be diminished after auxin removal, which restores BNC-1 and thereby allows it to counteract 

UNC-3-mediated gene activation (Fig.7D,E). In conclusion, we have shown that the 
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continuous requirement of repressor proteins in postmitotic neurons is required to maintain 

neuronal identity.

UNC-3 is required for maintenance of bnc-1 and cfi-1 expression

How is the continuous expression and hence continuous activity of the repressors 

controlled? As some transcription factors can both activate and repress, we wondered if the 

repressors positively autoregulate and hence maintain their own expression. Using bnc-1 as a 

potential paradigm, we find that VA/VB-specific expression of the bnc-1 5’ regulatory 

sequence is unaffected in bnc-1 mutants (Fig.S5A). Since effector genes require unc-3 for 

their continuous expression, we then asked whether unc-3 may also be required for 

continuous expression of the repressor genes. Again using bnc-1 as an example, we find that 

VA/VB-specific bnc-1 expression is initiated in unc-3 mutants at the late L1 stage, shortly 

after the birth of VA and VB MNs, but is diminished by the fourth larval (L4) stage 

(Fig.S5B,D). Similarly for cfi-1, in unc-3 mutants, the cfi-1 fosmid reporter is expressed 

normally in DA and DB MNs at L1 but loses its expression at L4 stage in cholinergic VNC 

MNs (Fig.S5C,D). These observations indicate that expression of class-specific repressors is 

initiated independently of unc-3, but then requires unc-3 to be maintained, allowing 

repressor proteins to in turn counteract the activity of the terminal selector` to specify MN 

class identity.

DISCUSSION

We have described here a coherent theme for cholinergic MN class diversification in the 

VNC of the nematode C. elegans. Analyzing five distinct cholinergic MN classes, we 

described the function of seven distinct repressor proteins that counteract the activity of a 

broadly acting, master-regulatory transcription factor, UNC-3 to sculpt class-specific gene 

expression programs (schematized in Fig.S6A). Hence, unique, class-specific combinations 

of these repressors endow individual MN classes with specific molecular features that define 

their specific properties. At least some and perhaps all of the repressors function by directly 

repressing effector genes that are normally expressed in other MN classes. The specificity of 

expression of an effector gene thus depends on the unique combination of repressor binding 

sites located in proximity to the effector gene locus. Therefore, the MN classes of animals 

lacking gene activity for any of the seven repressors described display a “mixed” molecular 

identity, which is perhaps reflective of a more ancient MN “ground state”.

All transcriptional repressors described here sculpt the expression of effector genes whose 

protein products are continuously operating in a mature neuron (e.g. ion channels or 

neurotransmitter receptors). On the other hand, the impact of these repressor proteins on 

features that are programmed earlier during the differentiation of MNs, namely their axonal 

trajectories and synaptic specificity, are more varied. UNC-4 ensures the specificity of 

synaptic innervation of the VA MNs (White et al., 1992; Winnier et al., 1999) while VAB-7 

is crucial for correctly instructing the direction of DB axonal projection (Esmaeili et al., 

2002). Our own analysis, however, seems to indicate less of a role for BNC-1 and MAB-9 in 

dictating such features (Fig.S1C–F). Axonal projection and synaptogenesis are presumably 

controlled by earlier acting factors. How these as yet unidentified factors intersect with 
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UNC-3 function, if they intersect at all, is presently not clear. In Drosophila, transcription 

factors have been identified to specifically control morphological, but not other molecular 

identity features of specific MN classes (Enriquez et al., 2015). These so-called 

“morphology transcription factors (mTFs)” may have counterparts in C. elegans as well.

A number of repressor proteins have been previously shown to be involved in neuronal 

patterning in vertebrate and invertebrate nervous systems (e.g. (Muhr et al., 2001; Pflugrad 

et al., 1997; Vallstedt et al., 2001; William et al., 2003) but their mechanism of action has 

been mostly left unclear, particularly in regard to their target effector genes, their interaction 

with gene activators (whose activity they must antagonize), and their timing of action. For 

instance, in the vertebrate spinal cord, HOX proteins of different paralog groups acting as 

repressors to mutually cross-repress have been shown to be important for specifying the 

various MN pool as well as columnar identities. Downstream of this developmental program 

though, only a handful of intermediate transcription factor targets have been characterized, 

while little is known about the terminal effector gene targets of HOX proteins in MNs 

(Dasen and Jessell, 2009; Jung et al., 2010). As another example, in invertebrates, UNC-4 

acts as a repressor in the VA class of VNC MNs to prevent the adoption of VB-specific 

features (Pflugrad et al., 1997; Winnier et al., 1999). However, whether such repressor logic 

represented a common theme operating throughout all C. elegans MN classes was uncertain, 

and on a mechanistic level it was unclear how transcriptional repressors interact with 

activators to shape MN class-specific gene expression. Through our analysis of the cis-

regulatory control regions of a number of effector genes, we reveal that class-specific genes 

integrate both positive and negative regulatory inputs. This stands in striking contrast to the 

mode of regulation of shared effector genes (e.g. ACh pathway genes) expressed in all MN 

classes, which require only positive regulatory input via the terminal selector UNC-3 and 

perhaps other, yet to be identified positive co-regulators (Fig.8B).

One important aspect of our findings is that repressor proteins that restrict gene expression 

in a neuron subtype-specific manner are continuously required to maintain the repressed 

state through the life of the respective neuron subtypes. It has only been appreciated during 

the past few years that transcriptional activators acting as terminal selectors to induce a 

specific differentiated state are also continuously required to maintain patterns of gene 

activation and hence neuronal identity (Deneris and Hobert, 2014). We corroborate this 

notion here for the terminal selector UNC-3 and then go on to show that at least some, and 

based on their continuous expression likely all repressor proteins that counteract UNC-3 are 

also continuously required to maintain such function. As such, these repressor proteins can 

themselves be thought of as terminal selectors in determining and maintaining MN class 

identity. Other scenarios would have been possible too; for example, repressor proteins 

could establish a chromatin state that prevents UNC-3 from activating its target genes and 

their activity could then become superfluous after the initiation event. However, as our 

conditional repressor alleles show, this does not appear to be the case. How the 

transcriptional repressors described here counteract UNC-3 activity is not clear. UNC-4 is 

known to act via the corepressor UNC-37, which recruits histone deacetylase complexes 

(Winnier et al., 1999), and based on the presence of an UNC-37 protein-binding site as well 

as functions of its orthologs in other species, MAB-9 is likely to act in the same manner. 

BNC-1 also contains a binding site for a corepressor, CtBP, that is thought to recruit histone 
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deacetylases (Subramanian and Chinnadurai, 2003), but the molecular mode of UNC-55, 

VAB-7 and CFI-1 function is less clear.

We have shown here that the logic of selective repression of terminal selector-mediated gene 

activation also applies to the molecular diversification of MN classes that reside outside the 

VNC, namely the SAB MNs in the RVG. Cholinergic MN classes located in yet different 

neuronal ganglia in the C. elegans nervous system and controlled by terminal selector genes 

other than unc-3 face a similar diversification problem. For example, the homeobox gene 

unc-42 controls the identity of the six RMD MNs (Pereira et al., 2015) and the POU 

homeobox gene unc-86 controls the identity of the four URA MNs (Zhang et al., 2014). 

Like the SAB, the RMD and URA MNs can be subdivided into dorsal and ventral classes 

based on molecular and anatomical criteria. Perhaps in these cases, the terminal selector-

type activity of UNC-42 and UNC-86 is also counteracted in a MN class-specific manner by 

yet to be identified transcriptional repressors. The repressor logic also applies to non-

cholinergic MNs. In GABAergic VD class, it has been reported that UNC-55 counteracts the 

ability of the DD and VD MN terminal selector UNC-30 from inducing DD class genes in 

VD class MNs (Shan et al., 2005).

One unresolved question is how the MN class-specific expression of the regulatory factors 

described here is established. We postulate that the intersectional expression of transiently 

acting factors and their combined effect set up a transcriptional program which eventually 

turns on the terminal selector unc-3 in distinct MN classes. Similarly, the class-specific 

expression of the repressor genes is likely also brought about by transiently acting, lineage-

specific cues. The discovery of these upstream factors and their regulatory logic and 

mechanism will further enhance our understanding of how distinct neuronal identities are 

specified.

Whether the repressor logic that involves selective repression of terminal selector targets, as 

defined here, may also apply to vertebrate neuron subtype diversification remains to be 

demonstrated. In progenitor fate specification, it has indeed been previously suggested that 

progenitor diversity is generated by the intersection of broad activating input (mediated by 

Sox) with progenitor-specific repressor proteins (Nishi et al., 2015). There are reasons to 

believe that diversification of postmitotic vertebrate neuron subtypes may follow a similar 

logic. Midbrain dopaminergic neurons are specified by the terminal selector NURR1, but its 

effect on select subtype-specific target genes appears to be antagonized by the homeobox 

gene OTX2 (Di Salvio et al., 2010). Similarly, in the glutamatergic photoreceptor system, 

NR2E3 antagonizes the activity of the photoreceptor terminal selector CRX in rods to 

repress the expression of cone-specific genes (Peng et al., 2005). However, in both cases, it 

is not clear whether repression of effector genes is direct or if continuous repressor activity 

is required. We hope that our findings will provide a conceptual framework upon which 

future studies on neuron diversification in other systems can be built.
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EXPERIMENTAL PROCEDURES

C. elegans strains

For a complete list of C. elegans mutant and transgenic strains used in this study and 

descriptions of how they were generated, see Table S2 and Supplemental Experimental 

Procedures.

Bioinformatic analysis

The binding sites of UNC-3, BNC-1, MAB-9, UNC-55, and CFI-1 were predicted using 

FIMO (Find Individual Motif Occurrences)(Grant et al., 2011), which is one of the motif-

based sequence analysis tools of the MEME (Multiple Expectation maximization for Motif 

Elicitation) bioinformatics suite (http://meme-suite.org/). See Table S1 for the sources of 

position weight matrices (PWM) of binding site consensus motifs used in this study. Many 

of these PWMs are catalogued in the CIS-BP (Catalog of Inferred Sequence Binding 

Preferences) database (http://cisbp.ccbr.utoronto.ca/)(Weirauch et al., 2014). For each 

analysis, the p-value threshold was set at < 0.001 and gradually decreased to increase the 

search stringency until the fewest number (but not zero) of predicted binding sites was 

obtained. Sequence conservation amongst Caenorhabditis species was assessed using the C. 
elegans BLAT (Basic local alignment search tool-Like Alignment Tool) search tool of the 

UCSC (University of California, Santa Cruz) Genome Browser bioinformatics suite (http://

genome.ucsc.edu/).

Temporally controlled protein degradation

Conditional protein depletion using the auxin-inducible degradation system in C. elegans 
was first reported by Zhang et al., (2015). AID-tagged proteins are conditionally degraded 

when exposed to auxin in the presence of TIR1. To generate the experimental strains, 

conditional alleles of unc-3(ot837[unc-3::mng+aid]), bnc-1(ot845[bnc-1::mng+aid]), and 

mab-9(ot863[mab-9::TagRFP+aid]) were independently crossed with ieSi57[eft-3prom::tir1] 
which expresses TIR1 ubiquitously. The natural auxin, indole-3-acetic acid (IAA), was 

dissolved in ethanol (EtOH) to prepare 400 mM stock solutions which were stored at 4°C for 

up to one month. NGM (Nematode Growth Medium) agar plates with fully grown OP50 

bacterial lawn were coated with the auxin stock solution to a final concentration of 4 mM 

and allowed to dry overnight at room temperature. To induce protein degradation, worms of 

the experimental strains were transferred onto the auxin-coated plates and kept at 20°C. To 

reverse the process by removing auxin or as controls, worms were transferred onto EtOH-

coated plates instead. Auxin solutions, auxin-coated plates, and experimental plates were 

shielded from light.

Cell identification

The class(es) of fluorescently labeled MNs were identified based on combinations of the 

following factors: (i) co-localization with or exclusion from another reporter transgene of 

known class-specific expression, (ii) stereotypic positional pattern, either along the VNC/

within the RVG, or relative to other MN classes, (iii) axonal morphology, (iv) developmental 

stage of generation, (v) number, and (vi) size.
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Statistical analysis

For graphs of quantification data shown in all figures, values for those with error bars are 

expressed as mean ± SD and statistical analyses were performed using the unpaired t-test 

(two-tailed). For graphs without error bars, values are expressed as percentage (%) and 

statistical analyses were performed using Fisher’s exact test (two-tailed). Calculations were 

performed using the GraphPad QuickCalcs online software (http://www.graphpad.com/

quickcalcs/). Differences with p < 0.001 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. C. elegans ventral nerve cord motor neurons
A: Cholinergic MN classes in C. elegans VNC and their relative positions and morphology. 

Numbers in brackets represent the number of individual MNs in each class.

B: Unique combinations of effector gene expression define each unc-3-expressing MN class 

(as represented by different colors). As with the shared genes of the ACh pathway, class-

specific genes are unc-3-dependent since their expression is lost in unc-3 mutants (bounded 

by red margin). Color-filled rectangles represent expression in the corresponding class; grey 

rectangles represent absence of expression; superimposed diagonal stripes indicate dim 

expression.
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C: UNC-3 is a terminal selector which coordinately regulates the expression of class-

specific as well as shared effector genes in cholinergic MNs. This co-regulation is achieved 

via phylogenetically conserved binding sites, termed COE motifs, found within the cis-

regulatory region of these genes.

D: The co-activator versus repressor models of regulation: hypothetical models of how 

UNC-3 selectively controls the expression of class-specific genes. Black and color-filled 

circles indicate gene is expressed; grey-filled circles indicate gene is not expressed. Class-

specific co-activators (A1, A2) and repressors (R1, R2).
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Figure 2. bnc-1 is a class-specific regulator of motor neuron identity
A: unc-129 is expressed in DA/DB MNs (class member neurons within white bounding 

rectangle is magnified in inset on the right) and is regulated by unc-3. In ot721 and ot763 
animals (which do not complement each other), unc-129 is derepressed in VA/VB MNs in 

an unc-3-dependent manner. This phenotype is rescued by the genomic locus of a novel C. 
elegans gene, bnc-1 (basonuclin 1). Wildtype (WT); all scale bars = 50 µm.

B. Quantification for A; error bars show standard deviation (SD). Unpaired t-tests were 

performed for all mutants compared to WT; ***p < 0.001; n ≥ 13.

C: bnc-1 gene locus.
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D: BNC-1 protein and its orthologs.

E: Endogenous bnc-1 locus tagged with mNG shows remarkably specific expression in 

VA/VB MNs (except for VB1) in the VNC (see Fig.S4A for additional expression 

elsewhere). Gut auto-fluorescence (*); stitched together from two images of the same worm; 

showing anterior half of worm.

F: bnc-1 cDNA driven by an unc-3 promoter in DA/DB/VA/VB MNs in bnc-1 mutants 

rescues the unc-129 derepression phenotype in VA/VB, and is sufficient to ectopically 

repress unc-129 in DA/DB MNs. WT image repeated from A; red pharyngeal expression 

marks unc-3prom::bnc-1 transgene.

G: Expression of the unc-3-dependent class-specific effector genes unc-53 (DA/AS), unc-8 
(DA/DB/AS) and acr-16 (DB) are derepressed in VA/VB MNs of bnc-1 mutants.

H: Quantification for G; error bars show SD. Superimposed diagonal stripes indicate dim 

expression. Unpaired t-tests were performed for all mutants compared to WT; ***p < 0.001; 

n ≥ 13.

I: Genetic model depicting BNC-1 repressing DA/DB-specific effector genes in VA/VB 

MNs.
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Figure 3. mab-9 is a class-specific regulator of motor neuron identity
A: Expression of unc-129 is lost in mab-9(ot720) animals (phenocopied by gk396730 and 

e2410). In the double mutant, the phenotype of bnc-1 is epistatic to that of mab-9, indicating 

that MAB-9 represses bnc-1. mab-9 cDNA driven by the unc-3 promoter in mab-9 mutants 

rescues the unc-129 expression loss phenotype in DA/DB, and is sufficient to ectopically 

derepress unc-129 in VA/VB MNs. Similarly, unc-53 expression in DA MNs is lost (albeit 

only in the anterior half of the VNC) in mab-9(ot788). WT images repeated from Fig.2A,G; 

red pharyngeal expression marks unc-3prom::mab-9 transgene; all scale bars = 50 µm.
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B: Quantification for A; error bars show SD. Unpaired t-tests were performed for all mutants 

compared to WT; ***p < 0.001; n ≥ 13.

C: mab-9 gene locus. The endogenous reporter is not visible in the VNC.

D: bnc-1 is derepressed in DA/DB MNs in mab-9 mutants. WT image repeated from Fig.2E. 

A bnc-1 promoter 1.8 kb upstream of the start codon recapitulates the VA/VB-specific 

expression of endogenous bnc-1. Mutation (mut-) of MAB-9 binding sites causes bnc-1 to 

be derepressed in DA/DB MNs. All rfp represents mchopti+h2b. See Fig.S1H for 

quantification.

E: bnc-1 fluorescent reporters of the endogenous gene locus (CRISPR; see Fig.2E), a fosmid 

(see Fig.S1G), the rescue construct used in Fig.2A,B (see Fig.S1G), and the abovementioned 

1.8 kb promoter (see Fig.3D) express specifically in VA/VB MNs. Deletion of MAB-9 

binding sites (white-filled vertical rectangle) causes bnc-1 to be derepressed in DA/DB 

MNs. See Fig.S1H for quantification.

F: del-1 is expressed in VA/VB MNs and is regulated by unc-3. In mab-9 mutants, del-1 is 

derepressed in DA/DB MNs in an unc-3-dependent manner. The unc-3prom::mab-9 transgene 

rescues this phenotype, and is sufficient to ectopically repress del-1 in VA/VB MNs. 

Similarly, unc-3-dependent inx-12 which is VA/VB-specific is also derepressed in DA/DB 

MNs in mab-9 mutants.

G: Quantification for F and the derepression of unc-3-dependent, VA/VB-specific lgc-36 in 

DA/DB MNs in mab-9 mutants (see Fig.S1I for images); error bars show SD. Unpaired t-
tests were performed for all mutants compared to WT; ***p < 0.001; n ≥ 13.

H: Genetic model depicting MAB-9 repressing BNC-1 as well as VA/VB-specific effector 

genes in DA/DB MNs.
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Figure 4. Additional class-specific repressors control motor neuron identity
A: In ot718 animals, unc-129 is derepressed in AS MNs (phenocopied by the unc-55 mutant 

allele, e1170) and this phenotype is unc-3-dependent. ot718 fails to complement e1170 and 

is thus confirmed to be an unc-55 mutant allele. del-1 expression is unaffected in unc-55 
mutants, but is derepressed in AS MNs in mab-9; unc-55 double mutants – indicating a 

redundant role of these two genes. The individual defects of bnc-1, mab-9, and unc-55 
mutants are additive since the expression of unc-129 in bnc-1; unc-55 and del-1 in mab-9; 
unc-55 double mutants is no longer class-specific. WT and mab-9 mutant images repeated 
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from Fig.2A and Fig.3F, respectively; all images show anterior half of worm; all scale bars = 

50 µm.

B: unc-55 gene locus.

C: DA/DB/VA/VB-specific and unc-3-dependent effector genes acr-2, dbl-1, and slo-2 are 

derepressed in AS MNs in unc-55 mutants. See Fig.S3A for quantification.

D: In unc-4 mutants, acr-16 is derepressed in DA MNs in an unc-3-dependent manner. 

Additive effect of double mutant bnc-1; unc-4 causes acr-16 to no longer be as class-

specific.

E: In vab-7 mutants, unc-53 is derepressed in DB MNs in an unc-3-dependent manner. 

Additive effect of double mutant bnc-1; vab-7 causes unc-53 to no longer be as class-

specific.

F: Quantification for A, D, and E; error bars show SD. Unpaired t-tests were performed for 

all mutants compared to WT unless otherwise indicated; ***p < 0.001; n ≥ 13.

G: Genetic model depicting the interactions of repressors on class-specific effector genes in 

VNC MNs. In AS MNs, acr-16 and acr-5 are likely repressed by as yet unidentified AS-

specific repressors, perhaps redundantly with UNC-55.
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Figure 5. A repressor regulatory logic also operates in head SAB motor neurons
A: SAB MNs in the RVG and their relative positions and morphology.

B: unc-129 expression is specific to SABD and is unc-3-dependent. This expression is lost 

in mab-9 mutants in a bnc-1-dependent manner, indicating that MAB-9 represses bnc-1 
which represses unc-129. Similarly, unc-129 expression in SABD is lost in unc-4 mutants. 

This effect is likely also indirect with UNC-4 possibly repressing an unidentified repressor 

of unc-129 (note that e26 disrupts UNC-4 interaction with the Groucho-like corepressor 

UNC-37). This repressor is not bnc-1 as the bnc-1 mutant phenotype is not epistatic to that 

of unc-4. On the other hand, unc-129 is derepressed in SABVs (albeit incompletely) in 
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unc-4 mutants in a mab-9-dependent manner, indicating that UNC-4 represses mab-9. As in 

SABD, mab-9 is likely repressing bnc-1 which represses unc-129. This predicts that bnc-1 
mutants would phenocopy those of unc-4 – which is not the case. UNC-4 might 

independently to, and redundantly with bnc-1 be repressing unc-129 in SABVs. Fischer’s 

exact tests were performed for all mutants compared to WT; ***p < 0.001; n ≥ 25.

C: del-1 expression is specific to SABVs and is unc-3-dependent. In mab-9 mutants, del-1 is 

derepressed in SABD. In unc-4 mutants, del-1 expression is lost in SABVs in a mab-9-

dependent manner, indicating that UNC-4 represses mab-9 which represses del-1. Fischer’s 

exact tests were performed for all mutants compared to WT; ***p < 0.001; n ≥ 20.

D: Effect of repressor mutants on class-specific effector genes in SAB MNs. Note 

expression pattern of repressor genes (see Fig.S4A). Red bounding lines highlight changes 

in effector gene expression in repressor mutants compared to WT.

E: Genetic model depicting the interactions of repressors on class-specific effector genes in 

SAB MNs.

F: glr-4 is expressed in SAB MNs in an unc-3-dependent manner, but expression is largely 

absent in VNC MNs. In cfi-1(ot786), glr-4 is derepressed in DA/DB MNs (phenocopied by 

ky651) in an unc-3-dependent manner. This phenotype is rescued by a fosmid containing the 

cfi-1 locus. Additionally, in lin-13(ot785), glr-4 is derepressed in AS MNs (phenocopied by 

n770). Error bars show SD; unpaired t-tests were performed for all mutants compared to 

WT; ***p < 0.001; n ≥ 13. See Fig.S4C,D for images.

G: cfi-1 gene locus.

H: lin-13 gene locus. Not shown are four regulatory mutations in ot785.
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Figure 6. Repressor binding sites adjacent to COE motif mediate class specificity of motor 
neuron effector gene expression
White-filled vertical rectangles represent mutated sites. Expression observed in 

corresponding MN class (+); absence of expression (−); although largely absent, weak 

expression in a small number of MNs occasionally observed (^); unexpected result to be 

addressed (*). All scale bars = 50 µm.

A,B: Mutation of BNC-1 binding site results in unc-129 derepression in VA/VB and AS 

MNs. *The BNC-1 site harbors two UNC-55 site consensus motifs with one mismatch in 

each. These two repressors may be sharing the same site in this case. del-1prom::gfp marks 

VA/VB MNs.
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C,D: Mutating the COE motif causes acr-16 expression to be lost. When the BNC-1 binding 

site is mutated, acr-16 becomes derepressed in VA/VB and DA MNs. *The BNC-1 site does 

not resemble that of UNC-4 nor is there an UNC-4 site near that of BNC-1. This result 

nonetheless supports the notion that effector genes are repressed at the cis-regulatory level to 

achieve class specificity. 1.8 kb reporter image repeated from Fig.4D; del-1prom::gfp marks 

VA/VB MNs.

E,F: Mutation of two MAB-9 binding sites adjacent to the COE motif proximal to the start 

codon results in del-1 derepression in DA/DB MNs. *Expression in anterior VA/VBs (from 

VA2/VB3 and upward) is at times repressed – hinting at finer subclass regulation. No 

derepression is observed when all four UNC-55 sites are mutated, but deletion of both 

validated MAB-9 and all four UNC-55 sites results in del-1 derepression in DA/DB and AS 

MNs. unc-129prom::gfp marks DA/DB MNs.

G,H: Mutating the two CFI-1 binding sites flanking the COE motif causes glr-4 to be 

derepressed in DA/DB MNs, albeit in a variable manner. This effect is potentiated when all 

four sites are mutated.

I: Quantification for B, D, F, and H; error bars show SD. Superimposed diagonal stripes 

indicate dim expression. At least three independent transgenic lines were assessed although 

only the most representative line is shown. Unpaired t-tests were performed comparing each 

line with its corresponding non-mutated control; ***p < 0.001; *p < 0.05; n ≥ 10.
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Figure 7. BNC-1 and MAB-9 are continuously required to postdevelopmentally maintain motor 
neuron class identity
A: Postdevelopmental UNC-3 degradation by treating young adult, conditional unc-3 worms 

with auxin for 3 days, results in reduction of unc-129 and del-1 expression. All scale bars = 

50 µm.

B: Quantification for A; error bars show SD. UNC-3 function is slightly disrupted when 

fused to AID. Superimposed diagonal stripes indicate dim expression. Unpaired t-tests were 

performed comparing each auxin-treated condition with its corresponding EtOH control; 

***p < 0.001; n ≥ 13. Data of unc-129 and del-1 expression in WT and unc-3 mutants 

repeated from Fig.2B and Fig.3G, respectively.
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C: Postdevelopmental BNC-1 degradation by treating conditional bnc-1 worms at the L4 

stage (just before entry into adulthood) with auxin for 1 day results in unc-129 derepression 

in VA/VB MNs.

D: First-generation progenies (F1) of conditional bnc-1 worms constitutively grown on 

auxin phenocopy bnc-1 mutants in terms of unc-129 derepression. When auxin is removed at 

the L4 stage, repression of unc-129 in VA/VB MNs is restored after 3 days.

E: Quantification for C and D; error bars show SD. BNC-1 function is slightly disrupted 

when fused to AID. Unpaired t-tests were performed comparing each experimental condition 

with its corresponding untreated control; ***p < 0.001; n ≥ 13.

F: AID-tagged BNC-1 is degraded within 1 h upon auxin treatment. Upon auxin removal, 

BNC-1 expression is restored within 6 hrs.

G: Postdevelopmental MAB-9 degradation by treating young adult conditional mab-9 
worms with auxin for 2 days results in del-1 derepression in DA MNs. MAB-9 function in 

DB MNs is disrupted non-conditionally when fused to AID.

H: F1 conditional mab-9 worms constitutively grown on auxin phenocopy mab-9 mutants in 

terms of del-1 derepression. When auxin is removed at the L4 stage, repression of del-1 in 

DB MNs is not restored even after 4 days, likely due to the hypomorphic nature of this 

mab-9 allele.

I: Quantification for G and H; error bars show SD. Unpaired t-tests were performed 

comparing each experimental condition with its corresponding untreated control; ***p < 

0.001; n ≥ 13.
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Figure 8. Proposed general principle of motor neuron diversification
A: Repressor mutant effects on class-specific effector genes in VNC MNs. Only 

derepression effects are shown within red bounding rectangles. Red crosses indicate absence 

of a repressor in its mutant. The hypothetical combined effects of all repressor mutants 

predict the loss of the unique combinations of class-specific effector genes which define MN 

classes, leading to the loss of MN diversity (compare the first and last tables bounded by 

blue margins).

B: Model depicting the transcriptional activity of a broadly acting terminal selector of 

neuron identity (A) being counteracted upon by subtype-specific repressors (R1–4) at the 
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target effector gene level (circles represent effector genes – black- and grey-filled circles 

indicate that the gene, respectively, is and is not expressed; colored rectangles above the 

circles represent cis-regulatory binding sites of trans-acting factors) to generate unique 

combinations of effector genes which specify distinct neuron subtypes. We propose that this 

strategy may constitute a general principle of neuron identity diversification. Our model 

highlights several important features:

i. subtype-specific repressors counteract in parallel the transcriptional activity of 

the broadly acting terminal selector

ii. each subtype possesses a unique combination of repressors to control the unique 

effector gene profile that defines the subtype identity

iii. repressors work via cognate binding motifs adjacent to the activator motif within 

the cis-regulatory region of the effector gene

iv. subtype-specific expression of an effector gene is determined by its combination 

of repressor binding motifs

v. continuous presence of these trans-acting factors are required to maintain 

subtype identity throughout the lifetime of the neuron.

See Fig.S6A for a similar model detailed with the incorporation of results from this study.
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