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Autism risk variants in DLG4 ortholog increase penetrance of
uncommon individual behavioral trait in Caenorhabditis elegans
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Abstract

Autism is a largely neurogenetic condition characterized by atypical behaviors, including increased prevalence of motor
stereotypies. We used Caenorhabditis elegans to model the T6111 variant in the DLG4 ortholog dlg-1. During
phenotyping, we found that some worms intersperse typical dorsoventral swimming bends with left-right bends,
resembling an orchestra conductor's arm motions. Conducting behavior occurred in 30% of wild-type but 50% of dlg-1
mutant worms. The high proportion of conducting in dig-1 is recessive, rescuable with the wild-type gene, and
phenocopied with another DLG4 patient variant. This provides an example of autism variants increasing the proportion of
a low-penetrant individual behavior.
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Figure 1. Autism variants in dlg-1 cause higher penetrance of the conducting pattern of swimming in C. elegans:

A) Typical dorsoventral pattern (top) and conducting pattern (bottom) of distinct swimming wild-type N2 worms. Dorsal
(D), ventral (V), left (L), and right (R) bends. Left-right bends are highlighted in the orange box.

B) Kinematic metrics of crawling are indistinguishable between non-conductor (NC) and conductor (C) wild-type N2
individuals as quantified by WormLab 2023.1.1. n=10 worms per type.
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C) On average, 31.6% of lab wild-type N2 populations (n=25) swim with a conducting pattern.

D) Two additional wild strains, MY 16 and XZ1515, displayed conducting albeit a lower proportion than N2 based on one-
way ANOVA F(y, g) =14.29 with Tukey HSD posthoc comparisons. N=4 populations per strain.

E) F1 offspring of individual non-conductor and conductor parent worms display indistinguishable levels of conducting
using paired t-test where t(4¢=3)=0.982, p=0.399. N=4 populations per type.

F) Conserved domains of human DL.G4 and C. elegans DLG-1 (top). Human T611 (dark red box), D375 (red box), and
D229 (light red box) are conserved across orthologs.

G) dlg-1(T8451) mutant populations displayed a higher proportion of conductors compared to N2 same-day controls.
Heterozygous dlg-1(T8451/+) populations displayed a similar proportion of conductors compared to N2. Results compared
using repeated-measures ANOVA F(y, »1) =8.730 within-subjects p=0.003 with planned Tukey HSD posthoc comparisons
versus dlg-1(T845I). N=8 populations per strain.

H) The high proportion of conducting of dlg-1(T845I) was rescued to N2-like level after transformation with wild-type
dlg-1. All strains include a red body wall reporter. Results compared with repeated-measures ANOVA F(3, 13) =10.4673
within-subjects p=0.007 with planned Tukey HSD posthoc comparisons versus dlg-1(T845I). N=6 populations per strain.

I) dlg-1(T845I) (dark red) and dlg-1(D529G) (red) mutant populations display a higher proportion of conductors compared
to N2, whereas dig-1 (D387G) (light red) mutant populations do not. N2 data are replotted across subpanels to show same-
day comparisons with planned two-sided t-tests. Results compared with repeated-measures ANOVA F(p 79) = 17.84
within-subjects p=0.000005 with planned Dunnet's posthoc comparisons versus N2. N=8 populations per strain.

J) A vab-9 deletion variant phenocopied dlg-1(T845I) mutant high proportion of conducting, whereas clc-1, digr-1, and
maph-1.1 deletion mutants do not as evaluated with planned paired two-sided t-tests. Results compared with repeated-
measures ANOVA Fs o4y = 3.926 within-subjects p=0.009 with planned Dunnet's posthoc comparisons versus N2. N=6
populations per strain.

K) Populations of N2 and dlg-1(T845I) mutant worms grown on 3D plates (image below, right) displayed a higher
proportion of conductors compared to those grown on control 2D plates (image below, left). Results compared with two-
way ANOVA F(s5 54) = 8.248 between-subjects p=0.003 with significant effects for dimension p<0.0005, but not genotype
(p=0.488), nor genotype x dimension (p= 0.966).

For all panels except B, each dot represents a population of 40-50 worms. For panel B, each dot represents an individual
worm. Lines that connect dots indicate same-day paired trials. ns, not significant; * P<0.05; ** P<0.01; *** P<0.001;
*#k% P<(0.0001

Description

Autism spectrum disorder (ASD) is a polygenic condition characterized by social difficulties, sensory processing
differences, repetitive movements, and a higher proportion of low-frequency traits such as left-handedness and synesthesia
(Baron-Cohen et al., 2013; Markou et al., 2017). Researchers have made progress modeling ASD, especially with mouse
models of high-risk ASD gene classes such as Neurexin and Shank (Monteiro & Feng, 2017; Gomez et al., 2021). Several
mouse phenotypes mimic aspects of human symptoms, including altered social behaviors, repetitive circling or grooming
behaviors, and different cognitive abilities (Bryers et al., 2024). However, the hundreds of ASD-risk genes, each with
many unique variants, will be challenging to model with mouse alone (e.g. https://gene.sfari.org/). Attributes of the
nematode C. elegans may help surmount this challenge. Conservation of two-thirds of ASD risk genes, ease of genetic
manipulation and phenotyping, and clonal nature of C. elegans make it a convenient model to study variants in ASD-risk
genes efficiently (Kim et al. 2018).

Researchers have leveraged body morphology and behavioral phenotypes in C. elegans to study cellular and molecular
roles of ASD-risk genes and individual patient variants (e.g. Wong et al., 2019; Cowen et al., 2024). C. elegans
researchers have contributed greatly to our understanding of mechanisms that underlie variants in the high-risk ASD genes
neuroligin and neurexin (Hu et al., 2012; Tu et al., 2015). High throughput studies have shed light on parallel pathways
that are affected by groups of related ASD-risk genes (McDiarmid et al., 2020). Here, we describe a behavioral phenotype
caused by ASD-risk variants in dlg-1, the sole C. elegans ortholog of human DLG4. The human gene is also known by
aliases PSD95, SAP-90, and SAP90.

We observed that individual worms display distinct patterns of swimming in liquid. A majority of lab wild-type worms
(strain N2) display the previously characterized ‘typical' swimming pattern consisting of repeated dorsoventral ‘C'-shaped
bends (Figure 1A, top) (Pierce-Shimomura et al. 2008). Alternatively, a minority display a swimming pattern that we
name ‘conducting'. The worm intersperses dorsoventral bends with left-right bends, resembling the 4/4 beat hand signals
of a conductor (Figure 1A, bottom). Unlike the dorsoventral bends, which propagate to the tail and result in a
characteristic C-shape, the left-right bends are prominent in the head region and do not result in a C-shaped posture. To
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quantify the proportion of conducting individuals, we analyzed video recordings of populations of first day adults
swimming over agar for 1 minute. For the N2 strain, we found that ~30% of individuals swim with a conducting pattern
and ~70% swim with a typical pattern (Figure 1C). Importantly, every population tested showed some conducting
individuals (n = 25 populations of ~40 to 50 worms each).

Non-conducting worms swim on either their left or right side along the 2D surface of slippery agar without flipping sides.
Conducting worms, however, appear to flip over after each left-right bend as evident by the alternating position of the
vulva on the ventral side (15/15 times for 5 worms scored for 10 left-right bends each). The behavior appears related to
the qualitatively described roll maneuver that was proposed as a strategy for the worm to reorient in 3D media (Figure 1B
and Movie S2 of Bilbao et al. 2018). We propose calling this 3D swim pattern ‘conducting' to avoid confusion with the
established roller (Rol) phenotype in which mutants crawl in a circular or spiral pattern on a 2D surface and swim in a 3D
corkscrew pattern in water due to the muscles detaching from the cuticle, which we did not observe in conducting worms
(Brenner, 1974; Peixoto et al., 1998). By contrast, we found that conductor (C) and non-conductor (NC) worms crawl with
indistinguishable speed, wavelength and reversal frequency on 2D agar as quantitatively compared using WormLab
(Figure 1B) but display this distinct 3D conductor swim pattern in liquid.

To check if conducting behavior extended to distinct wild C. elegans strains, we assayed swimming in two example wild
strains: MY 16 from Germany and XZ1515 from Hawaii (Crombie et al., 2024). Both strains displayed conducting, but at
lower penetrance than N2 (Figure 1D).

To test if the individual variation in conducting was explained by inheritance, we quantified the proportion of conducting
in F1 progeny derived from isolated PO individuals. We found no correlation between parent and progeny for the presence
or absence of the conducting trait (Figure 1E).

Altogether, from the analysis of wild strains, we conclude that conducting is a natural but uncommon individual variable
trait that is not influenced by its parental phenotype.

To model the ASD risk variant T6111 in the human gene DLG4, we generated the dlg-1(T845I) mutant in C. elegans
(Figure 1F, dark red). Note that this threonine is alternately referred to as T611 (e.g. Zhu et al., 2017) or T654 (e.g.
Rodriguez-Palmero et al., 2021) in human DLG4 due to the numbering scheme for different isoforms. The T6111 mutation
is predicted to disrupt a guanylate kinase (GK) domain of DL.G4 that is a protein-protein interaction module, not an
enzyme, within the family of MAGUK synaptic scaffold proteins (Reese et al., 2007). GK has been reported to bind
diverse partners including MAP1la and Disks large-associated protein 1 (DLGAP1), also known as guanylate kinase-
associated protein (GKAP), but can also interact with the DL.G4's own SH3 domain, which can regulate its binding to
other partners (McGee and Bredt, 1999).

When phenotyping, we found that the dlg-1(T845I) mutant displayed a higher proportion of conducting than N2 (Figure
1G). Crawling for the dlg-1(T845I) mutant, however, was unchanged as determined by qualitative observations and
WormLab tracking. The conducting trait appeared to be recessive and caused by the dlg-1(T845I) mutation because the
abnormally high proportion of conducting was reduced to wild-type N2 levels when in heterozygous form (Figure 1G),
and was rescued by transformation with N2 genomic dlg-1 (Figure 1H).

To further test the relationship between dlg-1 and conducting, we investigated two independent DL.G4 patient variants in
conserved residues of DLG-1 (Rodriguez-Palmero et al. 2021). We generated two dlg-1 mutants with mutations in distinct
domains: D387V in PDZ2 and D529G in PDZ3 (Figure 1F). The dlg-1(D529G) mutant showed a significantly higher
portion of conducting compared to N2, while dlg-1(D387V) did not (Figure 1I). These results strengthen evidence that
dlg-1 contributes to the conducting phenotype and suggests DLG-1 domains to explore further.

To begin to understand how variants in dlg-1 cause a higher proportion of conducting, we investigated if mutations in
related molecules phenocopy (Figure 1J). For human DLG4, the variant T6111 was proposed to prevent binding between
DLG4 and DLGAP1, which interferes with synapse development and maintenance in vitro (Zhu et al. 2017). We assayed
the swimming of a DLGAP1 ortholog knockout mutant, dIgr-1, and did not observe a high conducting phenotype (Figure
1J, orange). However, we observed a higher proportion of conducting for a vab-9 deletion mutant (Figure 1J, light blue).
VAB-9 regulates cell adhesion in parallel with DLG-1 in C. elegans and is an ortholog for human PMP22 and TMEM47
genes (Lynch & Hardin, 2009). Notably, some variants in PMP22 are also associated with ASD (Hurrell & Ayyash 2021;
Doco-Fenzy et al. 2008). We hypothesize that high-proportion conducting may represent a convergent phenotype of ASD-
associated orthologs. Future work should confirm if mutation of vab-9 and other ASD-associated orthologs increase the
proportion of conducting.

One intriguing aspect of conducting is its day-to-day variability. For wild-type N2, populations assayed over eight months
showed between 10-43% of conducting individuals (Figure 1C). The dlg-1(T845I) mutant showed similar variability, with
a remarkably high correlation for proportion of conducting between wild-type N2 and dlg-1(T845I) mutant populations in

paired same-day trials (R = 0.38, 25 paired trials, p < 0.0001) The proportion of conducting did not significantly increase
or decrease over the time of our study (R%=0.158, p = 0.445). These observations show that despite the high variability,
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conducting behavior is a useful phenotype when same-day controls are used (e.g. five strains replotted in bar graphs
relative to N2 in Figure 1J).

The co-variation between N2 and dlg-1(T845I) strains suggested that an environmental parameter influenced conducting
in both strains. The environment in which worms develop can influence their behavior (e.g. Calhoun et al. 2014; Han et al.
2017; Kepler et al. 2020). Because roll maneuvers may allow worms to move efficiently in 3D space while swimming
(Bilbao et al. 2018), we hypothesized that populations raised in an environment with more opportunity to move in 3D than
a standard 2D agar plate may display an increased prevalence of the conducting phenotype. As predicted, we found that
populations of worms raised on ‘3D plates' (2D plates poked with holes) display a higher proportion of conductors as day
1 adults (Figure 1K).

Overall, we conclude that environmental and genetic (via dlg-1) influences on the baseline proportion of conducting
individuals are independent. Future experiments will uncover potential relationships between environmental factors (e.g.
surface dwelling vs. burrowed), genetics, development, plasticity, aging, and conducting behavior.

The proportion of the conducting phenotype may be useful in modeling additional ASD-associated genes and variants
(Wong et al., 2019). Further, conducting behavior could facilitate the study of individual variation and plasticity, both in
wild-type populations and in models of neurodevelopmental disorders (Flavell et al., 2025).

Methods
Strains and cultivation

C. elegans were raised on nematode growth medium (NGM) plates and fed OP50 bacteria (Brenner, 1974). For the
experiment depicted in Figure 1K, these standard conditions are considered 2D plates.

“3D growth plates” were made by stabbing OP50-bacteria seeded, 6-cmn NGM plates with a sterile P1000 pipette tip ~200
times. Indentations varied in depth and ranged from shallow impressions to holes that perforated to the bottom of the
plate. Worms were age-synchronized by bleaching and eggs were placed either on a 3D plate or a control unstabbed plate.
To attempt to recover worms on the surface as well as those that borrowed in the 3D plates, we sprayed the plate at an
angle with 1 mL of liquid NGM using a pipetter which appeared to encourage worms to surface. Worms were retrieved by
pipette after tilting the plate. For both 2D and 3D plates, this process was repeated three times for each plate to retrieve as
many worms as possible. Lastly, groups of worms from each condition were rinsed twice with liquid NGM to minimize
OP50 and agar debris.

JPS1867 and JPS1868 strains were generated by microinjection with 5 ng/pL of a Pmyo-3::mCherry red body wall
(RBW) (pCFJ104). Wild-type dig-1 was amplified from N2 via PCR with primers GATCTCCAACACTGTGTCGC and
GGAAGCACATTTCGAAACGG which included 2375 bp and 2071 bp of 5' and 3' UTR, respectively. JPS1879 strain
was generated by transforming strain PHX8797 with 5 ng/pL. RBW and 10 ng/pL N2 dlg-1.

SUNY Biotech used CRISPR/Cas9 to generate strain PHX8797 with a T845] missense mutation in dlg-1 in an N2
background from: GCGGGACAATTCCAAAACAATCTCTACGGAACTAGCATTCAAAGCGTCCGA
GATGTCGCCAAG, to:

GCCGGACAATTCCAAAACAATITgTACGGAAtTAGCATTCAAAGCGTCCGAGATGTCGCGAAL.

InVivo Biosystems used CRISPR/Cas12a with homology-directed repair (HDR) as described in Paix et al (2015) to
generate two strains with missense mutations in dlg-1 in an N2 background. The dpy-10 co-CRISPR methods described in
Arribere et al (2014) was used to identify animals in which the CRISPR/Cas12a system was active.

First, strain JPS1891 with a D387V missense mutation used:
5' Cas12a sgRNA sequence: 5' - CTTGACCACCAGCAATAGAGAAA -3'
3' Cas12a sgRNA sequence: 5' - GTCACATAGATATCGGTATCTCC - 3'

ssODN: 5-CTTTTTTTAGGGAGCACGTGGACTTGGTTTCTCTATCGCCGGCGGCCAGGGCAATGAACA
TGTCAAGGGGGTCACTGATATCTATGTGACGAAAATCATTGAGGAGGGAG - 3'

Second, strain JPS1893 with a D529G missense mutation used:
5' Cas9 sgRNA sequence: 5' - TGTACTGGACGGGGTTCGAG - 3'
3' Cas9 sgRNA sequence: 5' - GGAGGTGTTGCTGATCTTAG - 3'

ssODN: 5'-GCTACAGTTCACAAGCCCCCATCGCAATTCCACTCGAGCCAAGACCAGTTCAGTTGGTTA
AGGGACAGAACGGACTCGGCTTTAATATCGTCGGAGGAGAGGGAAACGAACCAATTTATA
TCTCCTTCGTCCTTCCTGGCGGAGTCGCCGACCTTAGTGGAAACGTGAAGACTGGAGACGTTCTTCTTG - 3'

Missense mutations above were verified as homozygous after sequencing dlg-1 from singled worms across three
generations with the following primers: JPIEO3F2 AGCCAACAATTCATGCCAACT, JPIEO3R2
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AGCAACAGAGTTTTCACGTGAT, JPIE02_seq_ For GCA  ATTCATTCTCCATCGGCT, JPIEO2_seq_Rev
GCGGTTGTAGTCTTGAACGG

Behavioral analyses
Crawling: Crawling and body morphology was quantified with WormLab 2023.1.1 (MBF Bioscience, USA).

Swimming: For most experiments, worms were age-synchronized by 5-hour clutches of laid eggs. Approximately 50, day-
1 adult individuals were picked into either 1) 1.5 mL liquid NGM on an NGM agar plate (figures 1G and 1H), or 2) 1 mL
liquid NGM in one well of a flat-bottom clear 24-well plastic plate (figures 1D, 1E, 11, and 1J).

Swimming behavior was recorded for 1 minute at 30 Hz for groups of ~50 worms after a 10-minute acclimation period.
Each individual was scored blind to genotype and culture conditions. Individuals were classified as conductors if they
performed 3 or more left-right bends within a period of ~21 dorsoventral bends. All other individuals were classified as
non-conductors.

Statistical Analysis

Planned Student's t-tests were used to evaluate differences in genotypes paired by same-day trials (Microsoft Excel
Version 2507). Repeated measures ANOVAs were used to compare proportion of conductor worms in same-day trials
across genotypes (SPSS version 29.0.2.0 (20)). Two-way ANOVA was used to compare the main effect and the
interactions between dimension and genotype variables. Tukey or Dunnet's posthoc tests were used to compare individual
groups with planned tests.

For experiments in Fig 11, for each N2 negative control and dlg-1(T845I) positive control trial, two dlg-1(D529G) and
dlg-1(D387G) paired trials were conducted. The values for each set of two trials were averaged and considered a single
value to be compared with the paired negative and positive controls.

Reagents

Strain Genotype Originated from
N2 Caenorhabditis elegans WT CGC

PHX8797 | dlg-1(syb8797[T8451]) SUNY Biotech
JPS1867 |Red Body Wall (RBW) control = N2 vxEx2050[Pmyo-3::mCherry] JPS lab, this study

JPS1868 |RBW dlg-1(syb8797[T8451]) control = PHX8797 vxEx2051[Pmyo-3::mCherry] |JPS lab, this study

JPS1879 P JPS lab, this study

dlgr-1 knock-out deletion strain = [tSi1412 [pNA20; Pmex-5::mNeonGreen::tbb- |McNally Lab, described
FM1176 |2 operon linker mCh::his-11::Ptbb-2; cb-unc-119(+)]I; dlgr-1(syb8768) III; in Mahantesh Magadum
1tIs44[pAA173; pie-1p-mCh::PH(PLCldeltal) + unc-119(+)]V &, McNally, 2024

CGQC, described in
Simske JS, et al. Nat Cell
Biol. 2003 Jul;5(7):619-
25.

QQ258 |vab-9(ju6) II. partial deletion

maph-1.1 knock-out deletion strain = maph-1.1(gk5647[loxP + myo- CGC, described in Au et

V4576 2p::GFP::unc-54 3' UTR + rps-27p::neoR::unc-54 3' UTR + loxP]) 1. ;10’153 9(1): 135-144
L . . , CGQC, described in Au et
VCAT95 clc-1 knock-out deletion = clc-1(gk5863[loxP + myo-2p::GFP::unc-54 3' UTR + al., G3 9(1): 135-144

rps-27p::neoR::unc-54 3' UTR + loxP]) X.

2019
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http://www.wormbase.org/db/get?name=WBGene00001006;class=Gene
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https://wormbase.org/species/c_elegans/gene/WBGene00020970
https://wormbase.org/species/c_elegans/transgene/WBTransgene00035581
http://www.wormbase.org/db/get?name=WBGene00006537;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001885;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006537;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
https://wormbase.org/species/c_elegans/gene/WBGene00020970
http://www.wormbase.org/db/get?name=WBTransgene00000915;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBStrain00031259;class=Strain
http://www.wormbase.org/db/get?name=WBGene00006875;class=Gene
http://www.wormbase.org/db/get?name=WBVar00088137;class=Variation
http://www.wormbase.org/db/get?name=WBStrain00051261;class=Strain
http://www.wormbase.org/db/get?name=WBGene00009306;class=Gene
http://www.wormbase.org/db/get?name=WBGene00009306;class=Gene
http://www.wormbase.org/db/get?name=WBVar02156489;class=Variation
http://www.wormbase.org/db/get?name=WBGene00006789;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006789;class=Gene
http://www.wormbase.org/db/get?name=WBStrain00051460;class=Strain
http://www.wormbase.org/db/get?name=WBGene00000522;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000522;class=Gene
http://www.wormbase.org/db/get?name=WBVar02156691;class=Variation
http://www.wormbase.org/db/get?name=WBGene00006789;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006789;class=Gene
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CaeNDR, described in

MY16 Wild strain from Germany Crombie et al.. 2024

CaeNDR, described in

XZ1515 |Wild strain from Hawaii Crombie et al., 2024

JPS lab via InVivo

JPS1891 |dlg-1(vx2053[D387V]) Biosystems, this study

JPS lab via InVivo

JPS1893 |dig-1(vx2054[D529G)] Biosystems, this study
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Extended Data
Description: Example WT N2 conductor swimming. Resource Type: Audiovisual. File: N2 conductor singleWorm.mp4.
DOI: 10.22002/hsggq-6xm74

Description:  Example WT N2  non-conductor swimming. Resource  Type:  Audiovisual. File:
N2 nonConductor singleWorm.mp4. DOI: 10.22002/31znh-6fh10
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