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SUMMARY

Collective behavior emerges from socially interacting individuals. Across species, the social 

behavior of healthy adults is often not present in immature animals, in socially isolated animals, 

or in animals with certain genetic perturbations, including models of autism spectrum disorder 

(ASD). Although social behavior is impaired in all these conditions, it remains unclear whether 

they act through shared or distinct genetic pathways. Here, we investigate the genetic regulators 

of collective schooling behavior in Danionella cerebrum, by applying RNA sequencing to the 

brains of animals with impaired or immature social behavior: juvenile animals, socially isolated 

adults, and ASD-related gene crispants. By comparing gene expression to controls, we identify 

a small set of differentially expressed genes common to these conditions, including thyroid 

signaling pathway, circadian rhythm-regulating genes, the transcription factor klf9, and the 

ATPase subunit atp1a1a.4. Genetic and pharmacological manipulations confirm their functional 

importance, demonstrating convergent molecular pathways regulating social interactions and 

collective behavior.

In brief

Zada, Kadobianskyi et al. develop methods for measuring and manipulating gene expression 

in the schooling glassfish Danionella cerebrum, identifying circadian genes and the thyroid-klf9-

atp1a1 pathway as commonly regulated across multiple models of impaired or immature collective 

behavior.
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Graphical Abstract

INTRODUCTION

Many animal species move in cohesive groups, where social interactions among individuals 

produce collective behavior.1–4 Studies of fish schools have demonstrated that collective 

movement emerges from local interaction rules among group members, including short-

range avoidance, long-range attraction, and postural alignment with neighbors2,5–8—social 

interactions that mature over development.9–14 Social behaviors, including collective 

movement, are governed by numerous genetic and neural factors. Studies in humans and 

other mammals have identified several key genes involved in species-typical social behavior. 

For instance, mutations in genes such as SHANK2/SHANK3 and SYN are linked to autism 

spectrum disorders (ASD),15–17 and DISC1 with both ASD and schizophrenia,18,19 resulting 

in impaired social interactions. Studies in zebrafish have shown that mutations in genes 

encoding neuropeptides and their receptors impair social preference,20–22 and comparative 

screens of ASD- and schizophrenia-related genes identified a variety of common behavioral, 

neuroanatomical, and activity phenotypes in larvae,23,24 as well as impaired group behavior 

in adults.25 However, adult zebrafish show less alignment than schooling fish species,26 and 

thus the genetic contributions to collective movement and social interactions in schooling 

fish are not well understood.
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The micro glassfish (Danionella cerebrum) is an emerging model system14,27–33 that offers 

several advantages for investigating the genetic basis of social and collective behaviors. 

D. cerebrum are small and translucent, genetically tractable, and display visually based 

collective behavior, including the social aggregation and postural alignment typical of 

schooling.14,27 Schooling emerges over the course of development in D. cerebrum, from 

social avoidance as larvae to coherent schooling as adults—a process that depends on 

social experience over development.14 With these features, D. cerebrum is an attractive 

model system for studying how neural and genetic features of individuals contribute to the 

collective behaviors of groups,34 and how social impairments in individuals impact group 

behavior.

In this study, we investigated the genetic basis of schooling and social development in 

D. cerebrum, using RNA sequencing (RNA-seq) of the brains of fish spanning multiple 

developmental stages, adults raised in social isolation, and fish with CRISPR-Cas9-mediated 

gene knockdown. This work provides insights into the genetics of social development, social 

dysfunction, and the collective behavior of groups.

RESULTS

Brain transcriptomes identify genes associated with social development

Collective behavior in D. cerebrum progresses from social avoidance at two weeks of age 

to aggregated and aligned schools at six weeks, where they reach sexual maturity and begin 

producing sound for acoustic communication.14,35 Social isolation of D. cerebrum until six 

weeks of age results in impaired schooling and altered neural encoding of social motion.14 

To identify gene expression associated with typical social development, we dissected the 

brains of two- and six-week-old socially raised D. cerebrum, as well as six-week-old 

socially isolated D. cerebrum, and performed RNA-seq of whole brains, followed by 

DESeq2 analysis to identify differentially expressed genes (DEGs, Figure 1A; Table S1).

Comparing two- and six-week-old brains, 6,831 genes were upregulated (mean log2 fold-

change [logFC] ~0.5) and 7,422 downregulated (mean logFC ~ −1.5, Figure 1B), from a 

total of 23,180 genes (after removing low count genes, see STAR Methods). Comparing 

socially raised versus isolated adult brains, 5378 genes were upregulated (mean logFC 

~0.3) and 6434 downregulated (mean logFC ~ −1.3, Figure 1C). Since both two-week-old 

and six-week-old socially isolated groups exhibited reduced social interactions compared 

to typical adults, we next compared DEGs between them. A Venn diagram revealed 

that more than 50% of DEGs were shared between the two groups relative to the six-

week-old control, with 3,289 upregulated and 5,041 downregulated genes (Figure 1D). 

This overlap in DEGs is significantly greater than expected by chance (p < 0.0001, 

hypergeometric test). Gene ontology (GO) analysis identified several brain development 

processes enriched and upregulated in two-week-old and in socially isolated fish compared 

to six-week-old fish, including regulation of presynapse assembly, axonogenesis, and 

brain development, among others (Figure 1E). In contrast, genes associated with antigen 

processing and presentation, immune response, major histocompatibility complex class 

II protein complex, lipoprotein metabolic processes, lipid transport, and lipid binding 

showed reduced expression, indicating downregulation of neuroimmune interactions and 
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lipid metabolism-related processes (Figure 1E). These changes suggest a potential role of 

neuroinflammation in the disruptions in social development.36,37 These findings highlight 

the role of social experience in regulating gene expression underlying normal brain 

development.

Impaired schooling in crispants of ASD risk genes

To further investigate the genetic influences on collective behavior, we developed methods to 

manipulate ASD risk genes in D. cerebrum, targeting genes whose manipulations interfere 

with typical social behaviors in both rodents and zebrafish.15,38 We used the CRISPR-Cas9 

system to generate F0 D. cerebrum mutants—known as crispants33,39,40—targeting the 

disc1, shank2b (D. cerebrum ortholog of SHANK2), and syn1 genes (Figures S1A and 

S1B). These three genes are involved in synaptic structure and function,41–43 and their 

impairment is associated with neuropsychiatric disorders in humans.16–19 To validate that 

these genes are conserved and expressed in the brain of D. cerebrum, we used whole-mount 

RNA in situ hybridization with hybridization chain reaction (HCR)44 in two-week-old D. 
cerebrum, showing that disc1, shank2b, and syn1 are widely expressed in the brain (Figure 

S1C; Table S2). RNA-seq data show that disc1 expression remained stable throughout 

development but decreased in socially isolated six-week-old fish; shank2b was reduced 

in socially raised six-week-old brains relative to two-week-old and isolated fish; and 

syn1 increased in six-week-old brains and further in socially isolated fish (Figure S1D). 

Injecting the Cas9-gRNA (guide RNA) ribonucleoprotein (RNP) complex into one-cell stage 

embryos resulted in 70%, 65%, and 90% crispants of disc1, shank2b, and syn1, respectively, 

characterized by depletion of the wild-type sequence and the emergence of alternative 

sequences at the target site (Figure S1B, see STAR Methods).

We measured collective movement in groups of four disc1-, shank2b-, or syn1-crispants, in 

addition to Cas9-only injected control adult D. cerebrum (Figure 2A). Compared to control 

groups (69.1 ± 8.5 mm/s), each ASD-related crispant fish moved more slowly by 19.76% 

(55.4 ± 10.1 mm/s, p = 0.02), 16.42% (57.7 ± 9.3 mm/s, p = 0.03) and 22.24% (53.7 ± 8.6 

mm/s, p = 0.002 in disc1-, shank2b-, and syn1-crispants, respectively (Figure 2B).

We then quantified the aggregation and alignment of D. cerebrum groups. As described 

previously,14 we quantified social aggregation by identifying the location of each social 

partner relative to the focal fish and the average area occupied by the group (Figure 2C). 

Aggregation was reduced in all ASD-related crispant fish compared to control groups (160.0 

± 42.4 mm2), with the average area occupied by the group increasing by 73.85% (278.2 ± 

57.2 mm2, p = 0.00092), 66.97% (267.2 ± 99.4 mm2, p = 0.022), and 120.21% (352.4 ± 

90.6 mm2, p = 8.4 × 10−5, Figure 2D) in disc1-, shank2b-, and syn1-crispants, respectively. 

We next examined the postural alignment by characterizing the difference in heading angle 

between each fish and its nearest neighbor. Crispant groups were less aligned to each other 

compared to Cas9-only control fish (Figure 2E), with a decrease in the mean Pearson’s 

correlation coefficient between group member headings by 66.47% (r = 0.14 ± 0.13, p = 

0.0012), 63.13% (r = 0.16 ± 0.13, p = 0.0018), and 81.9% (r = 0.078 ± 0.08, p = 4.6 × 10−6) 

in disc1-, shank2b-, and syn1-crispants, respectively, compared to control groups (r = 0.43 
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± 0.12, Figure 2F). These results indicate that mutations in ASD-related risk genes reduce 

schooling behavior in adult D. cerebrum.

Comparison of ASD-related crispant transcriptomes reveals common DEGs

To investigate gene expression in ASD-related D. cerebrum models, we performed RNA-

seq on brains from crispants and Cas9-only control groups. Volcano plots of ASD-related 

crispants reveal 1,211 upregulated and 612 downregulated DEGs in disc1 crispants, 2,717 

upregulated and 2,639 downregulated DEGs in shank2b crispants, and 282 upregulated and 

581 downregulated DEGs in syn1 crispants (Figures 2G–2I). Comparative analysis across 

the different groups identifies 706 upregulated and 265 downregulated unique DEGs in disc1 
crispants, 2,254 upregulated and 2,304 downregulated unique DEGs in shank2b crispants, 

and 74 upregulated and 239 downregulated unique DEGs in syn1 crispants (Figure 2J).

We next examined convergently regulated genes across all crispant groups and identified 108 

upregulated and 50 downregulated DEGs (Figures 2J and S2). GO enrichment analysis 

of these genes revealed that the main impacted pathways were related to circadian 

rhythms, including negative regulation of circadian rhythm, circadian rhythm, and circadian 

regulation of gene expression (Figure 2K). Similar to the results from two-week-old and 

socially isolated brains, we observed increased expression of circadian-related genes such 

as cipc, per1, bhlhe41, and the transcriptional regulators tef and nr1d1, along with reduced 

expression of cry1 and arntl (Table S1).

To examine the functional consequences of these disruptions on circadian-related genes 

in ASD-related crispants, we tested groups of heterozygous F1 shank2b+/− mutant D. 
cerebrum. The Shank2b protein consists of 1,762 amino acids predicted to include the 

main SHANK protein domains; shank2b+/− fish harbored a 22-bp deletion that resulted 

in a frameshift and the incorporation of a premature termination codon at amino acid 57, 

predicted to produce a truncated protein (Figure S3A). We monitored the circadian behavior 

of shank2b+/− fish and their wild-type (WT) siblings for 24 h under normal light/dark 

conditions (see STAR Methods).

To validate that both shank2b-crispants and shank2b+/− fish exhibit similar behavioral 

phenotypes, we analyzed schooling behavior at two time points during daytime (beginning 

and end of daylight). Similar to shank2b-crispants, shank2b+/− fish demonstrated reduced 

speed by 22% (WT siblings: 57.23 ± 5.8 mm/s, shank2b+/− : 44.64 ± 7.5 mm/s, p = 0.006), 

reduced heading correlation by 46.2% (WT siblings: 0.26 ± 0.08, shank2b+/− : 0.14 ± 

0.04, p = 0.01), and increased group area by 38.2% (WT siblings: 222.4 ± 38.37 mm2, 

shank2b+/− : 307.87 ± 65.44 mm2, p = 0.015), indicating reduced schooling (Figures S3B–

S3D). Locomotor activity of WT fish peaked during the daytime (day: 23.76 ± 2.3 mm/s), 

decreased during nighttime (night: 13.01 ± 0.9 mm/s), and slightly increased back during 

the following daytime under dark conditions (subjective day: 17.4 ± 1.6 mm/s, H = 14.84, 

p = 0.0006, Figure S3E), showing diurnal rhythms of D. cerebrum. In contrast, shank2b+/− 

fish exhibited similar locomotor activity during day and night as well as subjective day (day: 

21.8 ± 2.7 mm/s, night: 17.93 ± 1.78 mm/s, subjective day: 15.34 ± 1.68 mm/s, p = 0.19, 

Figure S3F). These findings suggest that circadian rhythms are disrupted in a D. cerebrum 
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model of an ASD risk gene and highlight that circadian regulation correlates with brain 

development and social behaviors.

Comparison across different classes of social development disruptions

With DEGs identified across development, social isolation, and three ASD crispant models, 

we next analyzed commonly up- or downregulated genes compared to typical schooling 

adults, in order to identify candidate pathways involved in collective behavior. We first 

compared DEGs across ASD-related crispants and socially isolated fish, and found 40 

upregulated and 5 downregulated DEGs (Figure 3A). The downregulated DEGs include 

the sodium/potassium-transporting ATPase subunit α1, tandem duplicate 4 (atp1a1a.4), 

calreticulin (calr), serpin H1 (serpinh1), and two variants of the nuclear receptor Ror 

(rorb [hr46] and rorc)—genes important for cellular function and neurodevelopment (Figure 

3B). Many upregulated DEGs relate to synaptic structure and function, including slc17a7 
(vglut1), rapgefl1, dlgap2, camk4, ngef, ldb1, bhlhe40, cacnb2, glra2, and abi2 (Figure 

3B). Additionally, itm2c, which is involved in the negative regulation of neuron projection, 

plays a role in neuron differentiation. Together with ldb1, rapgefl1, camk1, ngef, and vegfa
—genes enriched in nervous system development GO terms (Figure 3B)—these findings 

suggest the presence of delayed neural development and/or compensatory mechanisms in 

these models, associated with synaptic abnormalities found in ASD.45

Genes related to circadian functions are also found among common DEGs, including 

downregulated rorb and rorc, and upregulated tef and bhlhe40; rorb and rorc ensure the 

rhythmic expression of bmal1,46 tef is influenced by core circadian machinery and regulates 

the rhythmic expression of downstream target genes,47 while bhlhe40 (also known as Dec1) 

is a repressor within the circadian feedback loop that modulates gene expression involved in 

metabolism and hormonal regulation48 (Figure 3B).

Interestingly, we found thyroid-related genes differentially expressed across these social 

dysfunction models. Among commonly upregulated genes, we identified the transcription 

factor tef, which regulates thyroid-stimulating hormone beta (Tshb),49 and iodothyronine 
deiodinase 2 (dio2), which converts the prohormone thyroxine (T4) into the bioactive 

thyroid hormone triiodothyronine (T3).50 This suggests potentially increased thyroid 

hormone levels in the brains of these social dysfunction models. Furthermore, the klf9 
gene, a transcription factor known to regulate neurogenesis and to be induced by thyroid 

hormone,51 was also among upregulated DEGs (Figure 3B).

One consideration is that chronic stress during development may contribute to the gene 

expression changes observed in ASD-related crispants and isolated fish.52,53 We examined 

this possibility by comparing DEGs between adults and two-week-old fish, which do not 

school14 but have not undergone interventions that could induce stress. Among the DEGs 

common to socially isolated fish and the three crispants, we identified 12 genes that were 

not differentially regulated in two-week olds, including slc17a7a, slc20a1b, vipr1, and dio2 
(underlined in Figure 3B). These genes are associated with chronic stress phenotypes,54–57 

suggesting stress may underlie some of the behavioral abnormalities seen in crispants and 

socially isolated fish. However, the other genes common to all these conditions—including 
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those associated with circadian rhythm and thyroid function—suggest important roles of 

these processes in the social development of D. cerebrum.

Thyroid hormone and klf9 regulate atp1a1a.4 mRNA expression

We next sought to investigate the most significant commonly downregulated gene: 

atp1a1a.4. We investigated whether there is a relationship between this gene and upregulated 

DEGs, as well as its functional link to collective schooling behavior. In mammals, atp1a1 is 

regulated by various transcription factors, including specificity protein 1 (sp1).58 Although 

sp1 itself is not a DEG in our datasets, the SP1-like transcription factor klf9 is among the top 

upregulated DEGs; KLF9 is a transcriptional repressor, whereas SP1 acts as a transcriptional 

activator.59 To validate that these genes are also differentially expressed in shank2b+/− fish, 

we measured their expression in the brains of F1 shank2b+/− fish with quantitative reverse-

transcription PCR (RT-qPCR). Similar to shank2b-crispants, klf9 mRNA levels increased by 

99.1% (p = 0.034), and atp1a1a.4 mRNA decreased by 82.6% (p = 0.013) in shank2b+/− fish 

compared to WT siblings (Figures S4A and S4B).

We next examined the link between klf9 and atp1a1a.4. Using HCR in situ hybridization, 

we found widespread expression of these genes in the D. cerebrum brain, with prominent 

midline expression of klf9 in two-week-old fish and co-labeling of klf9 and atp1a1a.4 in 

adults (Figures 4A and 4B; Table S2). To test whether klf9 inhibits atp1a1a.4 transcription in 

D. cerebrum, we used an inducible heat-shock promoter to overexpress klf9. We co-injected 

embryos with a pTol2-hsp70:klf9 construct and transposase (TP) mRNA (or only TP mRNA 

for control), and subjected 4 days post-fertilization (dpf) larvae to one hour of heat shock 

on two consecutive days. At 6 dpf, we measured the expression levels of klf9 and atp1a1a.4 
with RT-qPCR. Compared to heat-shocked controls, klf9 mRNA levels increased by 101% 

in pTol2-hsp70:klf9-injected larvae (p = 0.0006, Figure 4C), and atp1a1a.4 expression was 

reduced by 78% (p = 0.02, Figure 4D). We therefore conclude that increased klf9 suppresses 

atp1a1a.4 expression in the D. cerebrum brain.

Since increased levels of tef and dio2 suggest increased levels of T3, and klf9 is known to be 

regulated by thyroid hormone,60,61 we next examined whether T3 influences the expression 

of klf9 and atp1a1a.4. We treated D. cerebrum larvae with 10 nM T3 beginning at 3 dpf 

for three consecutive days,62 then measured transcript levels of klf9 and atp1a1a.4 with 

RT-qPCR at 6 dpf. While klf9 expression levels increased by 44% (p = 0.005, Figure 4E), 

atp1a1a.4 expression levels decreased by 22% under T3 administration (p = 0.02, Figure 

4F). These findings build upon our transcriptomic comparisons to identify a causal link 

between thyroid hormone, klf9, and atp1a1a.4 in D. cerebrum, as potential genetic regulators 

of their collective schooling behavior.

Thyroid hormone treatment reduces schooling behavior

To test the effect of thyroid hormone on schooling, we recorded the behavior of groups of 

four adult D. cerebrum, treated them with T3 (50 nM or NaOH vehicle control) for three 

consecutive days, then monitored their behavior again (Figure 4G). While swimming speed 

remained similar across groups before and after treatment (Figure 4H), and neither group 

area nor heading correlation were changed in vehicle-treated fish (Figures 4I and 4J), we 
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observed schooling differences in the T3-treated group. Specifically, group area increased by 

236.8% (Pre-T3: 315.7 ± 41.2 mm2; Post-T3: 1063.64 ± 141.4 mm2, p = 9 × 10−5, Figure 

4I), and heading correlation decreased by 97.3% (Pre-T3: r = 0.32 ± 0.07; Post-T3: r = 0.008 

± 0.019, p = 0.0002, Figure 4J).

Following behavioral monitoring, we collected the brains of these fish to assess whether 

T3 treatment altered klf9 and atp1a1a.4 expression using RT-qPCR. klf9 expression was 

increased by 90% (p-adjusted = 0.3) in 50 nM T3-treated fish, and by 329% (p-adjusted = 

0.02) in 100 nM T3-treated fish (Figure S4C). In addition, atp1a1a.4 expression decreased 

by 44% (p-adjusted = 0.04) and 90% (p-adjusted = 0.001) in 50 nM and 100 nM T3-treated 

fish, respectively (Figure S4D). These results show that thyroid hormone influences the 

expression of klf9 and atp1a1a.4, and regulates schooling behavior in D. cerebrum.

Schooling behavior is impaired in atp1a1a.4 crispants

The reduced expression of atp1a1a.4 across all social dysfunction models suggest that this 

gene may play an important role in collective schooling behavior. To test this hypothesis, 

we used CRISPR-Cas9 to knock down the atp1a1a.4 gene (atp1a1a.4-crispants, Figure 

4K). Injecting one-cell stage embryos with the atp1a1a.4 RNP complex resulted in 85% 

crispants, as detected by reduction in the wild-type sequence and the appearance of variant 

sequences at the target site. We recorded groups of four adult fish and tracked the position 

and body orientation of individual fish to quantify the speed, aggregation, and alignment of 

atp1a1a.4- crispants and Cas9-only injected controls. In contrast to ASD-related crispants, 

atp1a1a.4- crispants swam faster than controls by 10.92% (control: 52.5 ± 5.7 mm/s, 

atp1a1a.4: 58.23 ± 5.1 mm/s, p = 0.046; Figure 4L). However, similar to ASD gene 

crispants, atp1a1a.4 crispants exhibited reduced schooling behavior; group area increased 

by 128.35% in crispants (i.e., reduced aggregation; control: 129.0 ± 8.9 mm2, atp1a1a.4: 

294.6 ± 86.5 mm2, p = 0.0005; Figure 4M) and heading correlation was reduced by 47.19% 

(i.e., reduced alignment; control: r = 0.39 ± 0.14, atp1a1a.4: r = 0.2 ± 0.07, p = 0.013) 

compared to control-injected fish (Figure 4N). These results indicate that atp1a1a.4 is a key 

factor for schooling behavior in D. cerebrum, and is commonly impaired across multiple 

models of social dysfunction.

DISCUSSION

Collective movement and other social behaviors emerge over the course of development,9–

14 driven by the extensive genetic and molecular changes in maturing nervous systems. 

Disruptions to these processes, whether caused by genetic mutations or environmental 

factors, can impair the functioning of critical genes involved in neurodevelopment and 

social behavior.63,64 In this study, we used D. cerebrum as a model system to investigate the 

differences in gene expression between highly social adults and fish that do not school: 

juvenile fish, three ASD-related crispant models, and adults raised in social isolation. 

By comparing brain transcript levels across these conditions, we observed considerable 

differences in the genetic pathways affected by each perturbation. Despite such differences, 

we identified a set of commonly regulated pathways related to circadian rhythms and 

thyroid hormone signaling as regulators of collective social behavior. This approach 
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revealed that the thyroid-klf9-atp1a1 pathway—previously examined in development 

and homeostasis51,60–62,65,66—is commonly modulated in models of impaired collective 

behavior. By demonstrating that experimental manipulations of this pathway alter schooling 

in D. cerebrum, our work suggests a role for this pathway in the development and expression 

of collective social behavior.

Circadian rhythms maintain sleep-wake cycles and physiological processes, and their 

disruption has been linked to impaired social behavior and mental health in humans.67–69 

Social interactions help synchronize circadian rhythms across species, including primates,70 

rodents,71 and insects.72 For instance, social isolation in rodents alters the expression 

of circadian genes and sleep,73,74 and group interactions stabilize behavioral rhythms in 

animal collectives.75 Our findings support the idea of phase shifts in circadian rhythms 

between juvenile and adult fish,76 suggesting that genetic and social disruptions can lead to 

circadian dysregulation and immature social behavior. Another option is that ASD-related 

mutations cause sleep disturbances,77 which interfere with circadian rhythms, and thus 

social engagement. Altogether, this highlights the interplay between circadian regulation of 

the brain and the development of social behavior.

Thyroid hormone signaling also influences neurodevelopment, with T3 and T4 regulating 

neurogenesis, synaptic plasticity, and neural circuit maturation.65 Disruptions in thyroid 

signaling have been implicated in neurodevelopmental disorders,62,78 including ASD, where 

altered hormone levels are associated with cognitive and social deficits.79 Here, we show 

that elevated T3 levels in the brain can lead to impaired collective behavior through changes 

in gene expression. Thyroid signaling may be engaged during neurogenesis80 induced by 

neurodevelopmental alterations or could act as a compensatory mechanism in response to 

such disruptions. Elevated thyroid hormone levels have been observed in animal models 

exposed to prenatal stress,81 potentially as a buffer against neurodevelopmental stress to 

influence processes related to neural and behavioral development. Thyroid hormones also 

regulate morphogenesis and tissue differentiation across species82–84; however, we observed 

no gross morphological alterations in socially impaired D. cerebrum, suggesting a more 

specific role for thyroid signaling in neurodevelopment and social behavior in our models 

via increased expression of the thyroid hormone-responsive transcription factor klf9.51,60,61

We found that klf9 and atp1a1a.4 are widely co-expressed across the brain in both juvenile 

and adult D. cerebrum, and that increased klf9 levels repress the expression of atp1a1a.4—

an ATPase subunit that contributes to maintaining transmembrane ion gradients. We found 

that directly reducing the expression of atp1a1a.4 impairs collective schooling behavior, 

and prior work has also linked atp1a1 abnormalities to behavioral impairments, including 

major depressive disorder,85 as well as sensory motor neuropathies, hypomagnesemia, 

seizures, and cognitive delay.86 Beyond its role in neuronal excitability, atp1a1 contributes 

to brain development by supporting neuroepithelial organization and ventricle formation. 

Studies in zebrafish have shown that atp1a1, together with fxyd1 and cldn5a, are essential 

for brain ventricle expansion, neuroepithelial barrier integrity, and morphogenesis.66,87,88 

Furthermore, klf9 regulates transcription related to hippocampal neurogenesis and stem cell 

expansion in mice.89,90 Thus, disruptions in this thyroid-klf9-atp1a1a.4 signaling pathway 
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could influence not only neuronal circuit function but also brain morphogenesis and 

homeostasis.

In conclusion, our findings emphasize the importance of circadian rhythm regulation and 

thyroid hormone signaling in the development of collective behavior in schooling fish. 

While ASD-related genetic disruptions and social isolation influenced many disparate 

genetic targets, we found convergent alterations of a subset of genetic pathways, 

including the thyroid-klf9-atp1a1 pathway. These data provide insight into the genetic and 

molecular mechanisms underlying the collective behavior of animals in groups and provide 

opportunities for using this model system to examine how molecular pathways shape the 

development and function of the social brain.

Limitations of the study

This work was designed to be a genetic entry point into the biology of collective schooling 

in D. cerebrum, and we acknowledge several key limitations. First, our transcriptomic 

analyses relied on bulk RNA-seq of whole brains, rather than region-specific or single-cell 

RNA-seq. Therefore, we cannot assign gene expression to cell types or circuits, which 

will require future studies using single-cell and/or spatial transcriptomics. Second, while 

we validated the functional impact of a known thyroid-klf9-atp1a1 pathway on schooling, 

their mechanistic interactions are not yet completely mapped in D. cerebrum. Future work 

can identify intermediate regulatory elements, direct KLF9 binding partners, and the circuit 

nodes through which the regulation of ATPase expression influences collective behavior. 

Third, we used F0 crispants for genetic manipulations, which can introduce variation in 

mutations across individuals. Although we used a single gRNA to target each gene and 

sequenced each individual, we cannot exclude the possibility of off-target edits that may 

add variance and obscure dose-dependent effects in such models. These limitations and 

others can be addressed through further methods development for D. cerebrum,91 including 

spatially resolved transcriptomics, behavioral and hormonal assays, and methods for cell-

type- and circuit-specific genome editing.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by 

the lead contact, Matthew Lovett-Barron (mlb@ucsd.edu).

Materials availability

Materials are available from the lead contact upon request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The behavioral and molecular experiments with D. cerebrum were approved by the 

government authorities (U.S. Animal Care, and Institutional Animal Care and Use 

Committee (IACUC), (USDA Registration Number 93-R-0437)) and carried out in 
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accordance with the U.S. federal and California state law to enforce the Animal Welfare 

Act (AWA) under the California Health and Safety Code. D. cerebrum aged between 2 

weeks post fertilization and adults (~1 year) were used in the experiments. These animals 

were either WT, F0 crispants, or F1 shank2b+/− genotypes. Adult D. cerebrum were both 

males and females in our studies.

METHOD DETAILS

Fish husbandry: D. cerebrum were raised and maintained in standard zebrafish housing 

systems (Aquaneering) under controlled conditions: system water temperature of 28 ± 

0.5°C, pH 7.0, and conductivity of 525 μS/cm. The fish were kept on a 14-h light/10-h 

dark cycle and fed twice daily. Breeding was carried out in communal tanks containing 

20–40 individuals, with ~5 cm silicone tubes provided as spawning sites. Eggs were 

collected during the first hour of daylight and 1–2 h following morning and afternoon 

feedings. Embryos (0–5 days post-fertilization) were reared in egg water (0.2 mg/L Instant 

Ocean, 3 g/L CHNaO3, and 0.15% methylene blue dissolved in reverse osmosis-purified 

water) inside an incubator set to 29 ± 0.5° C. Larvae (5–14 days post-fertilization) were 

cocultured with L-type rotifers (Brachionus plicatilis) in static tanks, where the water level 

was increased by approximately 1 L per day. At 14 days old, after being transferred to a 

circulating water system, D. cerebrum were fed progressively larger quantities of Artemia. 

For isolation experiments, single fish were housed in individual tanks separated by visual 

barriers. Isolation began after hatching from the chorion at 2–4 days post-fertilization.

Cas9-CRISPR-based crispants and microinjection: To generate disc1, shank2b, 

syn1, and atp1a1a.4 crispants, we used a modified CRISPR/Cas9 protocol similar to 

previously described methods.33,39,40 sgRNAs were designed and synthesized by IDT (Alt-

R CRISPR-Cas9 System), for disc1 (sgRNA site: 5′-CTCAAGAGTTGTGTGACAAG-3′), 

shank2b (sgRNA site: 5′-GACAATCTGTGTGGTTATCC-3′), syn1 (sgRNA 

site: 5′-GAGATCGCC CATATATCCAT-3′) and atp1a1a.4 (sgRNA site: 5′-

AGTATGGTACTGACCTCACC-3′) The sgRNA’s were diluted in IDTE buffer to 100 mM 

stock solution, according to the manufacturer’s protocol. Pre-assembled RNPs composed of 

Cas9 protein and sgRNA are highly effective in zebrafish.39,40 Therefore, RNPs generated 

before the microinjection by mixing 4 mg/mL of Alt-R S.p. Cas9 Nuclease V3 (IDT) and 

600 ng/mL of each sgRNA, incubated at 37°C for 5 min, and chilled in ice-cold water. 

For control groups we injected only 4 mg/mL of Alt-R S.p. Cas9 Nuclease. The expression 

of the RNPs were performed by microinjection of approximately 2 nL of each solution 

into one-cell-stage embryos, using a micromanipulator and the FemtoJet 4i microinjector 

(Eppendorf 5252000021). All injections were performed within the same week, and on each 

injection day both crispant and Cas9-only control fish were injected in parallel.

To assess the efficiency of each RNP injection, we sampled ten larvae from each injected 

group. Genomic DNA was extracted by placing individual larvae into 100 μL of 50 

mM NaOH and incubating the mixture at 95°C for 10 min. After chilling on ice for 

5 min, 10 μL of Tris-HCl (pH 8.0) was added, followed by vortexing for 10 s and 

centrifugation for 2 min at 12,000 rpm. The genomic DNA was amplified by PCR 

using the following primers: disc1: 5′-TTCAAATTGTAGAGTCTGCTTTAAG-3′ and 5′-
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GTGGTGATCACAGGAGGAGT-3′, shank2b: 5′ -ATGATGCCACGAAGCCCCAT-3′ and 

5′-GAGATCTCCACCACTCACTTCT-3′, syn1: 5′-CAGTCCGTCTGCTGGTCATCA-3′ 
and 5′-GTGTAATTTGTCCTGCAAAACAGGG-3′, atp1a1a.4: 5′-

GGCTGCAACTTCAGATGATGG-3′ and 5′-AGCTGCAAGTTCCTTGACGA-3′. The 

resulting amplicons—353 bp for disc1, 264 bp for shank2b, 367 bp for syn1, and 446 bp 

for atp1a1a.4—were sequenced using Sanger sequencing (Azenta Life Sciences, San Diego). 

Fish showing notable depletion of the wild-type peak and the appearance of alternative 

peaks at the target site were classified as crispants (Figures S1A and S1B). We found that 

RNP injections for disc1, shank2b, syn1 and atp1a1a.4 resulted in 70%, 60%, 90%, 90% 

crispants, respectively. Following behavioral experiments in adult fish, tail-clip samples 

were taken to confirm the presence of crispants in the tested groups. The ratios of crispants 

remained similar, with 70%, 70%, 90% and 80% crispants in the disc1-, shank2b-, syn1 
and atp1a1a.4-injected groups, respectively. Overall, the efficiency was 70%, 65%, 90% 

and 85% crispants (fish that possess notable depletion of the wild-type peak) in the disc1-, 

shank2b-, syn1 and atp1a1a.4-injected groups, respectively.

The injected crispants (F0) were raised to adulthood and outcrossed with WT D. cerebrum. 

We attempted to establish stable lines for disc1 and syn1, but failed to obtain F1 offspring. 

We did obtain F1 shank2b+/− fish, which were raised to adulthood and identified as 

heterozygotes or WT siblings using tail-clip genotyping. These F1 fish were used for the 

experiments. We attempted to obtain F2 progeny by outcrossing shank2b+/− fish with WT, 

and with inbreeding amongst shank2b +/− individuals, but these efforts were unsuccessful.

Heat shock experiments: pTol2-hsp70:klf9 was generated using the Gateway 

cloning system. Briefly, the full klf9 coding sequence was amplified by 

PCR with the primers 5′-AAGGTCGACATGACCACAATGACGGACGT-3′ and 5′-

ACCAAGCTTTCAGAGCCCTCCATTTGAGTG-3′. The PCR fragment and the pME-MCS 
vector were digested with SalI-HF and HindIII-HF restriction enzymes (NEB) and then 

ligated using T4 DNA ligase (NEB) to generate pME-klf9. For the final plasmid (pTol2-
hsp70:klf9), the entry vectors p5E-hsp70L, pME-klf9, and p3E-polyA were transferred into 

the destination vector pDestTol2CG2 using the Gateway LR Clonase reaction (Invitrogen 

11791020).

To increase expression, pTol2-hsp70:klf9 (20 ng/μL) was co-injected with TP mRNA (10 

ng/μL) into one-cell-stage embryos. As a control, embryos were injected with TP mRNA (10 

ng/μL) alone. At 5 dpf, larvae with EGFP-positive hearts and control larvae were transferred 

to pre-warmed 38°C water and incubated at 38°C for one hour. Following the heat shock, the 

larvae were immediately returned to a 28°C incubator. At 6 dpf, this treatment was repeated, 

and after one hour of recovery at 28°C, the larvae were sampled, and RNA was extracted.

Pharmacological experiments: In pharmacological assays, similar to previous 

works,62,95 3 dpf larvae were placed in Petri dishes (~40 larvae per dish) containing either 

10 nM T3 or 5 × 10−6 M NaOH diluted in system water. The exposure medium (25 mL 

per dish) was exchanged twice daily. We used higher doses for adults, where groups of four 

adult fish were placed in a glass beaker containing either 50 nM or 100 nM T3, or 5 × 10−6 

M NaOH diluted in 1 L of system water. Twice a day, the fish were fed, and the medium was 
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exchanged. Stock solutions of 100 mM T3 (Sigma-Aldrich, St. Louis, MO) were prepared 

in 0.05 M NaOH and diluted in housing water to the final administered concentrations. 

Although klf9 and atp1a1a.4 expression levels change with a higher fold-change in fish 

treated with 100 nM T3 compared to those treated with 50 nM T3 (Figure S4), they also 

exhibit abnormal morphology (swollen swim bladder) and baseline swimming and were 

therefore excluded from the behavioral experiments.

RNA extraction, cDNA and RT-qPCR: All samples were taken between 3 and 4 

zeitgeber time and fish were not fed before. Total RNA was extracted from two-, four-, 

six-week-old and adult brains or 6 dpf larvae using the Direct-zol RNA MiniPrep kit 

(Zymo Research Corporation), according to the manufacturer’s instructions. For whole brain 

RNAseq, for each tested group, a total of three biological samples, each containing four 

brains, were used. For measuring RNA expression levels in larvae and adults, four-six 

biological samples from each group were used. Each biological sample contained a pool 

of 10 larvae or 4 brains of adult fish. mRNA (500 μg) was reverse-transcribed using 

qScript cDNA SuperMix (Quanta BioSciences). Relative mRNA quantification of klf9 and 

atp1a1a.4 was determined using RT-qPCR. Relative transcript levels were determined by the 

CFX Opus 384 Real-Time PCR System (BIO-RAD). Triplicates of each cDNA sample 

were PCR-amplified using the PerfeCTa SYBR Green FastMix (Quanta BioSciences) 

and the following specific primers: klf9: 5′-GTGGCAAAGTCTACGGAAAATC-3′ and 5′-

GGTATGTGTACGGAAGTGTCG-3′; atp1a1a.4: 5′-ACCACAAGTTGACACTCGATG-3′ 
and 5′-GAACTTGACCCATTCTGGAGTAG-3′ and the reference gene mrpl13: 5′-

AGAGAAGGCGATATGTTTGGTG-3′ and 5′-CCTGGGAAAATCGCTTCATTG-3′; The 

relative quantification of each gene expression was normalized against mrpl13 mRNA 

expression levels and subjected to the ΔΔCT method.

HCR staining and imaging: Pools of probes for disc1, shank2b, syn1, klf9 and atp1a1a.4 
were ordered from IDT (Table S2), to match with the B1-Alexa 594, B2-Alexa 647, or 

B3-Alexa 647 amplifiers purchased from Molecular Instruments. Juvenile or adult fish were 

sacrificed and exsanguinated by first immersing them in ice-cold water and then placing 

them into 1X PBS with 0.5M EDTA added and then removing their tail. The fish were then 

fixed in 4% formaldehyde in PBS at 4°C for 24 h. Next, in adults, the skin on their head was 

pierced and they were cleared and permeabilized in a detergent solution (1X PBS, 1% Triton 

X-100, 0.2% SDS, 20 mM sodium sulfite) at 25°C for 48 h. Afterward they were washed 

in 1X PBS for 4 h and stained using a modified HCR protocol44 for whole-mount samples. 

Briefly, after two 20-min 2X SSCT (2X SSC, 0.1% Tween 20) washes, the hybridization 

probes were added to each fish at 1:250 dilution in fresh hybridization buffer (2X SSC, 

10% formamide, 10% dextran sulfate). The hybridization was conducted at 37°C for 20 

h. Afterward, the samples were washed 3 times in 2X SSCT +30% formamide at 37°C 

and 2 times in 2X SSCT at 24°C, 20 min each. Afterward, they were incubated in the 

amplification buffer (5X SSCT, 10% dextran sulfate) while the fluorescent hairpins were 

heated to 95°C in the PCR machine and then snap cooled on ice. Hairpins were then 

allowed to return to room temperature for 20 min in a dark drawer and added to the samples 

in the fresh amplification buffer (4 μL of each hairpin to 50 μL of amplification buffer). 

The samples were left at room temperature overnight, washed 3 times for 30 min in 5X 
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SSCT and optically cleared in ~300 μL of RIMS for at least 24 h (EasyIndex custom RI 

1.465, LifeCanvas Technologies). Finally, the samples were embedded in Sylgard molds and 

imaged using a custom two-photon microscope with a Nikon 16X NA 0.8 objective at 820 

nm excitation wavelength.

Behavioral experiments: As previously described,14 all behavioral experiments were 

controlled using BonsaiRx (bonsai-rx.org) with the BonVision and BonZeb packages.93,96 

The experiments were conducted in a dedicated behavioral room maintained at 28°C with 

central circulation and a portable electric heater. Each experimental group consisted of a mix 

of adult males and females (older than 8 weeks). The fish were tested in a transparent acrylic 

circular arena (300 mm diameter) with black walls and a transparent bottom lined with 

white styrene to diffuse light. The arena was filled with 1 L of system water and enclosed 

with black curtains to control ambient lighting conditions. The arena was illuminated with 

bottom-projected white light (AnyBeam Pico Projector, HD301M1-H2) and infrared light 

(CM-IR130-850NM, CMVision Technologies Inc.). Behavioral videos were recorded using 

a top-mounted camera (FLIR Grasshopper, #33–534) equipped with an 8 mm F/1.8 lens 

(Edmund Optics, #15–626) and a long-pass filter (Edmund Optics, #12–767). The videos 

were captured at a frame rate of 121 Hz. Behavioral activity recordings were taken between 

zeitgeber time 3 and 4, and fish were not fed before. Before recording, fish were habituated 

in the arena for 10 min. Recording started only after all fish were observed swimming 

without exhibiting freezing behavior, and their behavior was then recorded for 5 min.

In the 24-h light-dark-dark behavioral recording, fish were fed before the experiments began. 

They remained in the arena for the entire 24-h experiment, but recordings were conducted 

for 5 min every hour at the half-hour mark.

Behavior analysis: As described previously,14 we used Social LEAP-Estimates Animal 

Poses (SLEAP92), to track fish location and posture in groups. Videos were manually 

proofread after pose inference, and output files (.h5) were analyzed using Python Colab 

notebooks.14 The SLEAP model tracked six points per fish (nose to proximal tail, excluding 

the distal tail). The centroid (front of the swim bladder), nose (midpoint between eyes), and 

tail tip (second-to-last point) were used to calculate heading angle (vector from centroid to 

nose). Coordinates were converted from pixels to millimeters, and all data were smoothed 

with running averages (5-frame for x/y and 10-frame for speed). Nearest neighbors and their 

heading angle differences were identified at each time point. Fraction time moving (>2 body 

lengths/s), heading angle correlation (average pairwise Pearson correlation), and group area 

(convex hull) were calculated. For occupancy maps, the focal fish centroid was placed at 

the center of a 100 × 100 grid (100 mm2 or 6 body lengths2) oriented north, with other fish 

centroids displaced and rotated relative to the focal fish. Pixels with other fish present were 

assigned a value of 1, and the grid was down-sampled to 50 × 50 and summed.

Whole brain RNAseq: Three replicates were sequenced, each containing four brains. 

Behavioral results for the developmental stages and social isolation experiments were 

published in Zada et al.14 and behavioral results for the ASD-related crispant fish and their 

control are presented in this study. We dissected the brains and stored them immediately 

at −80°C. After finishing sampling all brains of all groups, we used the Direct-zol RNA 
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MiniPrep kit (Zymo Research Corporation) to extract RNA. Total RNA was assessed for 

quality using an Agilent Tapestation 4200, and 100 ng of RNA from samples with an RNA 

Integrity Number (RIN) greater than 8.0 were used to generate RNA sequencing libraries 

using the Illumina Stranded mRNA Prep (Illumina). Samples were processed following 

manufacturer’s instructions. Resulting libraries were multiplexed and sequenced with 100 bp 

Paired End reads (PE100) to a depth of approximately 25 million reads per sample on an 

Illumina NovaSeq 6000. Samples were demultiplexed using bcl2fastq Conversion Software 

(Illumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

RNAseq and bioinformatics analysis: Obtained RNA sequencing libraries were first 

used to update the published D. cerebrum transcriptome annotation,28 using funannotate 

update and funannotate interproscan pipelines (github.com/nextgenusfs/funannotate) as 

described previously.97 Expression counts were obtained using salmon in the mapping 

mode.98 Differential expression analysis of all samples has been performed in R using 

DESeq2.94 Gene counts were filtered to discard counts ≤ 10 TPM. For all pairwise contrasts 

across the crispants and the socially isolated fish, alpha threshold was set to 0.05 and 

log-fold change threshold to 0. Gene Ontology enrichment analysis was done using goseq.99 

Zebrafish orthologues of D. cerebrum genes were additionally identified using reciprocal 

best hit BLAST (RBH) with the proteomes of the two species.

For information about protein/gene functions and pathways across the manuscript we 

manually collected data from https://www.uniprot.org/, https://www.genecards.org/ and 

https://www.ncbi.nlm.nih.gov/gene. To predict protein/gene interactions (Figure 3B) we 

used the STRING database (https://string-db.org/). To predict Shank2b protein structure 

(Figure S2A), we used the SMART database (http://smart.embl-heidelberg.de/).

Statistics: Differences between two groups were determined by independent (unpaired) 

two-sample t test using scipy.stats.ttest_ind in python. Differences between two groups 

within the same conditions before and after treatment were determined by paired t test using 

scipy.stats.ttest_rel in python. Differences between more than two groups were determined 

using one-way ANOVA followed by post hoc Tukey’s test using scipy.stats.f_oneway 

and statsmodels.stats.multicomp.pairwise_tukeyhsd in python. Differences in RNAseq 

expression determined by the pairwise Wald test with Benjamini-Hochberg p-value 

correction using R and DESeq2 package. To determine whether observed overlaps between 

two gene sets are statistically significant, given the total background of 23180 genes, we 

performed a hypergeometric test using scipy.stats.hypergeom in python.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Measuring brain transcriptomes of the schooling fish Danionella cerebrum

• Schooling is impaired in crispants of ASD-related genes

• Identifying common patterns of gene expression across models of impaired 

schooling

• Genetic and pharmacological manipulations link a thyroid-klf9-atp1a1 
pathway to schooling
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Figure 1. Brain RNA sequencing identifies gene expression associated with social development
(A) Schematic illustration of the experimental procedure. A group of four fish was 

monitored for schooling behavior. Immediately afterward, the fish were anesthetized, whole 

brains dissected, and RNA sequencing was performed.

(B) Volcano plot for DEGs between two- and six-week-old brains.

(C) Volcano plot for DEGs between socially raised and socially isolated six-week-old brains. 

Dashed lines and colored circles indicate DEGs with p < 0.05 and absolute logFC > 0.5. p 
values below 1e-300 are set to zero.

(D) Venn diagram of up- and downregulated genes in two-week-old fish and socially 

isolated six-week-old fish, relative to six-week-old controls (logFC > 0, p < 0.05).

(E) GO terms overrepresented in the overlapping genes shown in (D).
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Figure 2. ASD-related crispants exhibit reduced schooling and altered brain transcriptomic 
profiles
(A) Example of group movement for D. cerebrum of different genotypes (left to right: 

Cas9-only control, disc1-, shank2b-, and syn1-crispants), swimming in a 300-mm diameter 

arena. Projection of tracked movement over 12 s, with each fish shown in a different color.

(B) Mean speed. Individual data points are the means of the four fish in the group. Control 

groups compared with disc1-crispants (t = 2.6, p = 0.02, df = 13.0), shank2b-crispants (t = 

2.3, p = 0.03, df = 13.0), and syn1-crispants (t = 3.5, p = 0.002, df = 16.0).
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(C) Egocentric occupancy heatmaps, for groups of four fish (left to right: Cas9-only control, 

disc1-, shank2b-, and syn1-crispants). Darker colors indicate more observations of fish at 

this position relative to the focal individual (yellow dot); average of all timepoints across 

subjects).

(D) Mean group area, comparing groups of four fish. Control-groups compared with disc1-

crispants (t = −4.2, p = 0.00092, df = 13.0), shank2b-crispants (t = −2.6, p = 0.022, df = 

13.0), syn1-crispants (t = −5.2, p = 8.4 × 10−5, df = 16.0).

(E) Polar histograms of nearest-neighbor angle differences, for groups of four fish (left 

to right: Cas9-only control, disc1-, shank2b-, and syn1-crispants). Observations around 0° /

360° indicate aligned neighbors. Histogram of all timepoints across all fish.

(F) Mean of pairwise heading direction correlation coefficients amongst all fish, comparing 

between groups of four fish. Control-groups compared with disc1- crispants (t = 4.1, p = 

0.0012, df = 13.0), shank2b-crispants (t = 3.9, p = 0.0018, df = 13.0), and syn1-crispants (t = 

6.7, p = 4.6 × 10−6, df = 16.0).

(G–I) Volcano plots of differential expression in the disc1- (G), shank2b- (H), and syn1- (I) 
crispants relative to the Cas9-only controls. Colored circles indicate genes with p < 1e-6 and 

absolute logFC > 0.5. p values below 1e-300 are set to zero. Top five most significant DEGs 

are indicated on each plot.

(J) Venn diagram of the overlap between DEGs that are upregulated (left) or downregulated 

(right) in all three crispants.

(K) Overrepresented GO terms in the genes that are differentially expressed in all three 

crispants. (A–F) N = 8, 7, 7, and 10 groups for Cas9-only control, disc1-, shank2b-, and 

syn1-crispants, respectively *p < 0.05 and **p < 0.001, determined by unpaired two-sample 

t test. Mean ± SEM with individual points is shown (B, D, and F).
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Figure 3. Transcriptomic comparison across non-schooling models
(A) Venn diagrams representing the overlap of genes shared among disc1-, shank2b-, and 

syn1-crispants and isolated D. cerebrum.

(B) A diagram illustrating the connections between the 45 converging differentially 

expressed genes (DEGs). Underlined gene names indicate genes excluded after further 

analysis of DEGs overlapping in two-week-old fish and socially isolated six-week-old fish 

(relative to six-week-old controls), as well as from the set of overlapping DEGs across all 

three crispants compared to Cas9-only controls. Solid lines represent protein interactions 

based on the STRING database. The colored background highlights gene groups associated 

with thyroid (blue), circadian rhythm (red), synaptic structure and function (yellow), 

and nervous system development (purple). Green circles indicate genes with increased 

expression in schooling-deficient fish, whereas red circles show reduced expression. Gray 
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outlines indicate transcription factors. Dashed lines represent a pathway of interest, which 

we further examine in Figure 4.
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Figure 4. Thyroid-klf9-atp1a1a.4 pathway regulates D. cerebrum schooling
(A and B) Whole-mount HCR-FISH experiments revealed the spatial mRNA expression 

of klf9 (magenta) and atp1a1a.4 (green) in two-week-old (A) and adult (B) D. cerebrum 
(dorsal view). Scale bars, 50 μm. A zoomed-in (yellow dashed boxes) view of the anterior 

parvocellular nucleus of the preoptic area shows cells co-expressing klf9 and atp1a1a.4 
(white, right panels in B). FB, forebrain; MB, midbrain; and HB, hindbrain.
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(C and D) Relative mRNA expression levels of klf9 and atp1a1a.4 in 6 dpf pTol2-
hsp70:klf9+TP mRNA-injected (N = 6) and TP mRNA-injected larvae (N = 6), following 

heat shock.

(E and F) Relative mRNA expression levels of klf9 and atp1a1a.4 in NaOH- (N = 6) and 

T3-treated (N = 6) WT 6 dpf larvae.

(G–J) Thyroid hormone administration (T3 [50 nM, 100 nM] or vehicle control [5 × 10−6 M 

NaOH]) reduces schooling behavior.

(H) Mean speed. Individual data points are the means of the four fish in the group.

(I) Mean group area, comparing groups of four fish (Pre-T3: 315.7 ± 41.2 mm2; Post-T3: 

1063.64 ± 141.4 mm2, t = −11.3, p = 9 × 10−5).

(J) Mean of pairwise heading direction correlation coefficients among all fish, comparing 

between groups of four fish (Pre-T3: r = 0.32 ± 0.07; Post-T3: r = 0.008 ± 0.019, t = 9.2, p = 

0.0002).

(K–N) atp1a1a.4 crispants exhibit reduced schooling behavior compared to Cas9-only 

injected fish (control).

(L) Mean speed, individual data points are means of the four fish in the group (control: 52.5 

± 5.7 mm/s, atp1a1a.4: 58.23 ± 5.1 mm/s, t = −2.2, p value = 0.046).

(M) Mean group area, comparing groups of four fish (control: 129.0 ± 8.9 mm2, atp1a1a.4: 

294.6 ± 86.5 mm2, t = −4.6, p value = 0.0005).

(N) Mean of pairwise heading direction correlation coefficients among all fish, comparing 

between groups of four fish (control: r = 0.39 ± 0.14, atp1a1a.4: r = 0.2 ± 0.07, t = 2.9, p 
value = 0.013). N = 6 for (C–F), 6 T3-and 5 NaOH-treated fish in (H–J), and 7 for both 

groups in (L–N). *p < 0.05 and **p < 0.001, determined by unpaired two-sample t test 

(C–F, L, and N) or paired t test (H–J). Boxplots (C–F) or Mean ± SEM (H–J and L–N) with 

individual points are shown.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Alt-R S.p. Cas9 Nuclease V3 IDT https://www.idtdna.com/page

Gateway LR Clonase reaction Invitrogen™ 11791020

Restriction enzymes NEB https://www.neb.com/en/products/restriction-
endonucleases

T3 Sigma-Aldrich T2877

RIMS (EasyIndex custom RI 1.465) LifeCanvas 
Technologies

https://lifecanvastech.com/shop/easyindex/

Critical commercial assays

Direct-zol RNA MiniPrep kit Zymo Research 
Corporation

R2053

qScript cDNA SuperMix Quanta BioSciences 95048

PerfeCTa SYBR Green FastMix Quanta BioSciences 95072

HCR 3.0 hairpin amplifiers Molecular Instruments https://www.molecularinstruments.com

Deposited data

Raw sequencing data NCBI SRA https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA1328681

Updated genetic annotation figshare https://doi.org/10.6084/
m9.figshare.c.8035018.v1

Gene count tables figshare https://doi.org/10.6084/
m9.figshare.c.8035018.v1

Data analysis code figshare https://doi.org/10.6084/
m9.figshare.c.8035018.v1

Experimental models: Organisms/strains

Danionella cerebrum: wild type Judkewitz and 
Douglass Labs

NA

Oligonucleotides

Primers IDT https://www.idtdna.com/page

sgRNA IDT https://www.idtdna.com/page

oPools of gene probes for HCR IDT https://www.idtdna.com/page

Primers for genomic disc1: 5′-
TTCAAATTGTAGAGTCTGCTTTAAG-3′ and 5′-
GTGGTGATCACAGGAGGAGT-3′

This paper N/A

Primers for genomic shank2b: 
5′-ATGATGCCACGAAGCCCCAT-3′ and 5′-
GAGATCTCCACCACTCACTTCT-3′

This paper N/A

Primers for genomic syn1: 
5′-CAGTCCGTCTGCTGGTCATCA-3′ and 5′-
GTGTAATTTGTCCTGCAAAACAGGG-3′

This paper N/A

Primers for genomic atp1a1a.4: 
5′-GGCTGCAACTTCAGATGATGG-3′ and 5′-
AGCTGCAAGTTCCTTGACGA-3′

This paper N/A

Primers for RT-qPCR klf9: 
5′-GTGGCAAAGTCTACGGAAAATC-3′ and 5′-
GGTATGTGTACGGAAGTGTCG-3′

This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for RT-qPCR atp1a1a.4: 
5′-ACCACAAGTTGACACTCGATG-3′ and 5′-
GAACTTGACCCATTCTGGAGTAG-3′

This paper N/A

Primers for RT-qPCR mrpl13: 
5′-AGAGAAGGCGATATGTTTGGTG-3′ and 5′-
CCTGGGAAAATCGCTTCATTG-3′

This paper N/A

Guide for disc1 (sgRNA site: 5′-
CTCAAGAGTTGTGTGACAAG-3′)

This paper N/A

Guide for shank2b (sgRNA site: 5′-
GACAATCTGTGTGGTTATCC-3′)

This paper N/A

Guide for syn1 (sgRNA site: 5′-
GAGATCGCCCATATATCCAT-3′)

This paper N/A

Guide for atp1a1a.4 (sgRNA site: 5′-
AGTATGGTACTGACCTCACC-3′)

This paper N/A

Recombinant DNA

pTol2-hsp70:klf9 This paper N/A

pME-MCS Tol2Kit ZFIN: ZDB-PUB-071023-14

p5E-hsp70L Tol2Kit ZFIN: ZDB-PUB-071023-14

p3E-polyA Tol2Kit ZFIN: ZDB-PUB-071023-14

pDestTol2CG2 Tol2Kit ZFIN: ZDB-PUB-071023-14

Software and algorithms

SLEAP 1.3 Pereira et al.92 https://github.com/talmolab/sleap

BonsaiRx Lopes et al.93 https://bonsai-rx.org/

DESeq2 Love et al.94 https://bioconductor.org/packages/DESeq2/

Other

FemtoJet 4i microinjector Eppendorf™ 5252000021

Pico Projector AnyBeam HD301M1-H2

Infrared light CMVision 
Technologies Inc.

CM-IR130-850NM

Camera FLIR Grasshopper #33-534

8 mm F/1.8 lens Edmund Optics #15-626

Long-pass filter Edmund Optics #12-767
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