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Summary

BAZ1B is an ubiquitously expressed nuclear protein with roles in chromatin remodelling, DNA
replication and repair, and transcription. Reduced bazlb expression disrupts neuronal and
neural crest development. Variation in the activity of bazlb has been proposed to underly
morphological and behavioural aspects of domestication through disruption of neural crest
development. Knockdown of bazlb in Xenopus embryos and Bazlb loss of function (LoF) in
mice leads to craniofacial defects consistent with this hypothesis. We generated bazlb LoF
zebrafish using CRISPR/Cas9 gene editing to test the hypothesis that bazlb regulates
behavioural phenotypes associated with domestication in addition to craniofacial features.
Zebrafish with baz1lb LoF show mild under-development at larval stages and distinctive
craniofacial features later in life. Mutant zebrafish show reduced anxiety-associated

phenotypes and an altered ontogeny of social behaviours. Thus, in zebrafish, developmental
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deficits in baz1b recapitulate both morphological and behavioural phenotypes associated with

the domestication syndrome in other species.
Introduction

Bromodomain adjacent to zinc finger domain 1B (BAZ1B), also known as William’s syndrome
transcription factor (WSTF), is a member of the BAZ family of bromodomain proteins with roles
in chromatin remodelling, DNA replication and repair, and transcription. It also possesses
atypical kinase activity'. BAZ1B is one of 28 genes in the 7q11.23 region that are disrupted in
William’s syndrome (WS, or William’s-Beuren Syndrome), a neurodevelopmental condition
associated with craniofacial dimorphisms and cognitive and behavioural traits including
prosocial behaviour?3. In contrast, in William’s XY Syndrome, haplo-duplication of this
chromosomal region leads to autism-like disorders*®. Similarities between WS-associated
craniofacial features and those of domesticated species when compared to their wild type
counterparts, and the observation that bazlb expression correlates with domestication in
canids, has led to the suggestion that variants in bazlb may play a central role in

domestication®-3.

In humans, BAZ1B is expressed in adult heart, brain, placenta, skeletal muscle, and ovary,
and in brain, lung, kidney, and liver at foetal stages®. In Xenopus laevis, baz1b is ubiquitously
expressed until early neurulation, when its expression gets restricted to the neural ectoderm
and neural tube'®. At later stages, bazlb localizes to the neural tube, optic cup, anterior brain,

migrating cranial neural crest cells and the branchial (pharyngeal) arches?°.

The haploinsufficiency of BAZ1B disrupts gene expression in neural stem cellst. Similarly,
morpholino knockdown of bazlb expression in Xenopus embryos leads to altered expression
of several genes, many of which play important roles during development (e.g. BMP4, Shh,
pax2, mrf4, sox2, epha4, and NCAM). Developmental processes regulated by these gene
products include the balance between neural and non-neural tissue formation, mesoderm and
neuronal patterning and differentiation, the balance between proliferative and non-proliferative
cells, neural crest differentiation and migration, and axonal pathfinding and dendritic spine
formation'2. Morphant Xenopus embryos gastrulate normally but show reduced anterior
posterior body length, abnormal axis curvature, reduced neural tissue and abnormal

craniofacial development.

In addition to effects on early pattering and neural development, in both neural crest stem cells
in vitro, and Xenopus embryos, bazlb regulates the balance between neural crest cell
precursors and migratory cells. Differential gene expression analysis of BAZ1B dosage effects
in 32 independent neural crest stem cell lines highlighted disruption of key neural crest-specific

transcriptional circuits, including a regulatory axis involved in neural crest-mediated



craniofacial morphogenesis®. The effect of BAZ1B knockdown varied depending on the line,
thus suggesting the genetic background influences transcriptional vulnerability to variations in
BAZ1B dosage®. In Xenopus embryos, knockdown of bazlb leads to delayed migration of
neural crest, apoptosis and consequent disruption of neural crest derived skeletal components
such as craniofacial bones??. Craniofacial features including protruding forehead, and shorter
snout are also seen in Bazlb LoF mice®® and are similar to craniofacial features seen in WS
patientst. These craniofacial features associated with Bazlb knockdown show similarity to
those seen in domesticated species when compared to their wild counterparts. Similarly,
paleogenomic analysis also points to a role for BAZ1B in the evolution towards reduced facial

features in modern humanss®.

The craniofacial features associated with domestication in animals are also associated with
behavioural changes including increased sociability, lower aggressiveness and reduced fear-
and stress-related behaviours'415, According to the neural crest domestication hypothesis
(NCDS), mild neural crest deficits result in less/slower input of cells to the target structures,
which ultimately accounts for not only reduced craniofacial features, but also hypofunction of
adrenal and sympathetic ganglia, extended the immaturity period of the Hypothalamus-
Pituitary-Adrenal (HPA) axis, and significantly reduced size in certain components of the
forebrain’s limbic system?. Mild neurocristopathy is also associated with an extended
immaturity period that supports the existence of a longer “socialization window” during early
life'6-18, Therefore, the NCDS hypothesis offers a unitary explanation for all the DS-traits with
a predicted genetic component involving the development of the neural crest. In agreement
with this hypothesis, variants in neural crest development regulatory genes are associated
with domestication with BAZ1B being recently suggested as a key regulator of this process °.
However, due to the plethora of processes in which the neural crest is involved, it is likely that
selective pressure towards pro-social behaviour selected for variants in neural crest
development without such variants necessarily being causal*®. Thus, here we directly test the
hypothesis that bazlb regulates both morphological and pro-social behavioural phenotypes

associated with domestication using zebrafish (Danio rerio) as a model species.

Zebrafish have emerged as a novel organism in which to assess different aspects of
behavioural neuroscience. The relative ease of generating genetic mutants, the conserved
neuronal circuitry?® and the fact that around 80% of genes associated with human diseases
have a corresponding orthologue?®, make zebrafish an ideal model in which to study the
genetics and neuronal circuitry underlying behaviour. Zebrafish can be of use to identify the
effect of individual genes which are part of a genomic region with high linkage disequilibrium,
such as bazlb in WS.



Our research shows that zebrafish bazlb LoF mutants show mild under-development of the
neural crest at larval stages, and distinctive craniofacial features and reduced anxiety-
associated phenotypes later in life. During the ontogeny of social behaviour, bazlb LoF
mutants show an increased inclination to interact with conspecifics. Similar changes in facial
morphology and behaviour are associated with domestication of animals and in human
evolution. Thus, morphological and behavioural phenotypes seen in bazlb LoF zebrafish
support delayed neural crest development as a mechanism underlying domestication and a

key role of bazlb in this process.
Results
CRISPR/Cas9 induction of stable bazlb LoF zebrafish lines

We used the CRISPR/Cas9 system to induce mutations in the zebrafish bazlb gene. Two
lines were established, one, baz1b%"“4, carrying a 44-base pair (bp) deletion at exon 5, and
the other, baz1b™s35, with a 35 bp insertion at exon 5. Both mutations result in the introduction
of a premature stop codon (Fig. 1A, Fig S1A). Quantification of bazlb mRNA levels by gPCR
(Fig. 1B, Fig S1B) revealed a significant difference in expression between genotypes in both
lines (bazlb%“4: F (2, 6) = 7.415, p = 0.024; baz1b"s3%; F (2, 6) = 21.97, p = 0.002). Post-hoc
analysis of the bazlb’“ line showed that both heterozygous (HET, p = 0.042) and
homozygous (HOM, p = 0.032) fish had significantly lower expression of baz1b than wild type
(WT) siblings, while there was no significant difference between HET and HOM (p = 0.973).
On the baz1b™s% line, post-hoc analysis showed that HOM had significantly lower expression
than WT (p = 0.001) while HET failed to reach significance (vs. WT: p = 0.064; vs. HOM: p =
0.023).

Since the primers target a region of the mRNA upstream from the mutation site, the decrease
in functional MRNA suggests that the mRNA surveillance pathway interpreted the premature
stop codon as aberrant and targeted the mRNA for degradation?!, consistent with
establishment of a LoF line. As baz1bd"“4 showed the most significant reduction in mRNA we
have focused on analysis of this line. However, baz1b™s3 showed similar morphological and

behavioural differences as reported in supplementary figures (Fig. S1, S3-S5 and S7).
bazlb LoF leads to mild developmental delay at early stages

The expression of baz1b begins during gastrulation?? and baz1b knockdown in Xenopus leads
to shortened body axis and disrupted morphology at larval stages'?. Thus, we examined the
impact of bazlb LoF on zebrafish development by assessing multiple morphological
characteristics at different developmental points (Fig. 1C). At 12 hours post-fertilization (hpf),
there was a significant difference in the head-to-tail distance between genotypes (H (2) =
16.45, p < 0.001), with both HET (p = 0.002) and HOM (p = 0.001) embryos showing
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significantly larger distances than WT, suggesting delayed development. Similar differences
were observed at 15 hpf (F (2, 78) = 7.480, p = 0.001; HET vs. WT: p = 0.047; HOM vs. WT:
p = 0.001).

Analyses at 24 or 60 hpf found no significant differences in overall body length (Fig. 1C).
Nonetheless, a significant difference in the relative percentage of pigmentation was observed
between genotypes at 30 hpf (F (2, 42) = 3.840, p = 0.029; Fig. 1C4) with post-hoc comparison
describing a marginally significant increase in HET (p = 0.045) vs. WT. No other pairwise
comparisons were significant. Additionally, analysis of hatching rate showed a significant
interaction between time and genotype (F (16, 48) = 3.292, p = 0.001; Fig. 1C7). Post-hoc
pairwise comparison revealed that the percentage of hatching was higher in WT than mutant
siblings between 52 to 61 hpf (52 hpf: WT, vs. HOM: p = 0.011, vs. HET: p = 0.007; 55 hpf:
WT, vs. HOM: p = 0.004, vs. HET: p < 0.001; 58 hpf: WT, vs. HOM: p = 0.002, vs. HET: p =
0.002; 61 hpf: WT, vs. HOM: p = 0.035) but did not differ at later time points.

Changes with a similar directionality were observed in the baz1b™"s% (Fig. S1).
bazlb LoF zebrafish show mild neurocristopathy

As Bazlb knockdown has been suggested to lead to a delay in neural crest development, we
examined the expression of key genes within the neural crest development pathway (sox2,
sox10, crestin, foxd3, p75ntrb) by qPCR, and the pattern of expression of sox10, foxd3 and
crestin as well as other genes shown previously to be affected by baz1lb knockdown (pax2a,
pax2b and epha4!?23-26) by in situ hybridisation. The analysis by gPCR of markers of neural
crest development showed increased expression of crestin in HOMs compared to wild type
siblings (p = 0.034; Fig. 1D), increased expression of sox10 in HOMs (p = 0.044; Fig. 1E), and
decreased expression of sox2 in HETs (p = 0.028; Fig. 1D) but increased expression in HOMs
(p = 0.0318; HET vs. HOM: p < 0.001). There were no differences in foxd3 or p75ntrb
expression (Fig. 1D-E, respectively). The increased level of expression of crestin was evident
on in situ hybridization (WISH) analysis of larvae at all developmental stages examined (Fig.
1D). No differences in expression of sox10 or foxd3 were seen on WISH analysis but reduced
expression of epha4, pax2a and pax2b was seen in homozygous mutants compared to
controls. (Fig. 1E and Fig. S2). The reduced expression of pax2a/b and epha4 was most

evident in anterior areas, including the hindbrain and the optic vesicles.

Similarly, the other zebrafish line, baz1b's35, HETs showed a significant increase in crestin

when compared to WT, while HOMs showed a reduction in foxd3 (Fig. S1).

bazlb LoF zebrafish have altered craniofacial features



Given the role of neural crest in craniofacial development and the suggested role of bazl1b in
this process®!?13, we investigated whether bazlb LoF induced craniofacial differences in

zebrafish.

Larvae of 5 dpf from all genotypes were stained with Alcian blue to measure their bone
structures (Fig. 2A). Statistical analysis revealed that the ratio |width of the ceratohyal (CH)
bone: length from Mechkel's cartilage (M) to CH|, a measure used in previous published works
assessing craniofacial development in zebrafish?-2°, was statistically different (H (3) = 12.53,
p = 0.002). Multiple pairwise post-hoc comparison revealed this to be driven by a decrease in
HOM (p = 0.002) when compared to WT siblings. Additionally, the ratio |length of M: length
from M to CH| was also significantly different (H (3) = 14.87, p = 0.001) with multiple pairwise
post-hoc comparisons showing a reduction in both HET (p = 0.039) and HOM (p = 0.001)

compared to WT. No other comparisons were significantly different.

To confirm that the changes in cranial bones were leading to facial variations (affecting the
final shape of the soft tissues above the bones), we also performed morphological analysis of
whole unstained larvae at 5 dpf (Fig. 2B). Firstly, we observed a significant difference in total
body length (BL) between genotypes (H (3) = 39.12, p < 0.001) with both HET and HOM
showing reduced BL compared to WT siblings (HET: p < 0.001, HOM: p = 0.002). Reduction
in BL was more pronounced in HET (HET vs. HOM: p = 0.013). Thus, the analysis of the

additional partial body measurements (below) was done after standardising by BL.

We observed a significant change in eye length (EL, F (2, 57) = 9.465, p < 0.001) and eye
width (EW, F (2, 57) = 12.54, p < 0.001) between genotypes, which post-hoc analysis showed
to be driven by HOM having an increase for both (EL: p = 0.0009; EW: p < 0.001) and HET
only for EW (p = 0.001) when compared to WT. Additionally, total head width (HW) was found
to be significantly different between genotypes (F (2, 57) = 35.05, p < 0.001) with both HET (p
< 0.001) and HOM (p < 0.001) showing a significant increase when compared to WT.
Furthermore, a significant difference was also observed regarding the inter-ocular distance
(10D, F (2, 57) = 40.35, p < 0.001) and the eye-snout distance (ESD: F (2, 57) = 14.36, p <
0.001), which in both cases post-hoc analysis revealed to be driven by a significant increase
in the HET compared to WT (IOD: p < 0.0001; ESD: p = 0.001).

At 30 dpf, fish were assessed on their maturation scores®. These maturation scores rely on
four external morphological characteristics (pigment pattern, tail fin, anal fin, and dorsal fin
morphology) to determine their larval stage. No significant difference in the maturation scores
was observed between the three genotypes (F (2, 57) = 1.013, p = 0.370; mode in all
genotypes was 4). In addition to assessing maturation, we analysed corresponding

craniofacial measurements at 30 dpf, similarly as done at 5 dpf, to assess if changes were



maintained at later stages (Fig. 2C). There was a significant difference in BL (F (2, 57) = 9.538,
p < 0.001) and post-hoc comparison revealed it to be driven by a reduction in HET (p < 0.001)
when compared to WT. Significant differences in EW were observed by genotype (F (2, 57) =
9.084, p <0.001) with HET showing significantly wider eyes than WT (p < 0.001). As described
at 5 dpf, there was a significant effect of genotype on IOD (F (2, 57) = 36.06, p < 0.001) and
ESD (F (2, 57) = 4.454, p = 0.016). Pairwise post-hoc analysis showed those changes to be
driven by HET. While ESD was increased in the HET when compared to WT (p = 0.026), the
IOD was diminished in the HET (p < 0.001) compared to WT. No other significant differences

were observed.

Data related to baz1b™s3® LoF show differences with respect to the baz1b?"“# LoF (shorter eye
to snout distance in the bazlb™s® mutants instead, Fig. S3), suggesting that the two lines

could be useful for different types of study.
Loss of bazlb diminishes stress response and habituation in larval zebrafish

As bazlb LoF affected maturation of the neural crest and facial morphology consistent with
the NCDS hypothesis, we next examined whether bazlb LoF also showed behavioural
differences associated with DS. Larvae from the three possible genotypes were assessed for
stress reactivity at 5 dpf using a forced light-dark transition (FLDT) assay and response to brief

flash of light, or acoustic startle3!.

In both the FLDT and the flash of light paradigm, in the absence of differences in basal
locomotion, distance travelled in the first 5 min following the exposure to bright light is used
as a measure of anxiety-like response®22. In the FLDT, others have also used the rate of
recovery between light transitions as a measure of anxiety-like response®. Here, during the
initial basal stage of the FLDT assay, before the alternating light/dark cycles there was a
significant effect of genotype on locomotion (F (2) = 8.62, p = 0.013), where HET travelled
shorter distances than the WT (p = 0.013). Although HOM showed a similar reduction in overall
distance travelled, they did not reach significance when compared to WT (p = 0.079). This
difference in distance travelled was maintained across all dark phases of the experiment such
that there was a significant difference in distance travelled between HET and WT in dark (p =
0.022) and in total distances travelled (p = 0.017). Analysis of the rate of recovery following a
change in light conditions revealed that bazlb LoF zebrafish recover more quickly than WT
siblings suggesting a diminished stress response (Fig. 3). The rate of increase in locomotion
during the light periods, assessed as the combined slopes from the three light periods (first:
minute 10 to 20, second: minute 30 to 40, third: minute 50 to 60) revealed a significant effect
of time-genotype interaction (slope) (F (2) = 229.84, p < 0.001). Difference was observed
between the mutant and WT, with the slope of HET and HOM being significantly steeper



across the three light periods (HET: p = 0.033; HOM: p = 0.028). Dark periods, measured as
a sum of slopes in dark periods that followed the light periods (first: minute 20 to 30, second:
minute 40 to 50, third: minute 60 to 70) also revealed significant effect of time-genotype
interaction (F (2) = 7.94, p = 0.019) such that HET recovered significantly faster than WT (p =
0.024). There was no difference between HOM and WT (p = 0.189).

Similar to the FLDT assay, analysis of the flash of light paradigm showed significant
differences between bazlb LoF and WT fish (Fig. 4B). The analysis of the baseline before the
flash of light did not reveal significant differences between genotypes (p > 0.05). On transition
from light to dark, in this assay, fish movement rapidly increases but the genotype wasn’t an
indicator of the height of the jump (p > 0.05). However, there was a significant effect of time-
genotype interaction on the slope of recovery following the flash of light (F (2) = 7.509, p=
0.023) between the HOM and WT (p = 0.009) such that HOM recovered faster suggestive of
a reduced stress response. No other comparisons were significant. We next assessed
locomotion after recovery from the flash of light and before the acoustic stimuli started. As in
the first basal period, there was no significant difference between the genotypes in locomotion
(p > 0.05).

Next, we evaluated two parameters, distance travelled and proportion of responders, to
assess the rate of habituation to a repeated acoustic startle. Defective startle habituation is
associated with stress disorders®!. There were no significant differences in locomotion before
the first tap stimulus, in magnitude of the response to the first tap stimulus, nor in total distance
moved across all tap stimuli across experimental groups indicating that differences in startle
behaviour were not confounded by differences in locomotion per se. The total distance moved
by fish during each TAP event was used to define the slope of habituation and a significant
effect of genotype-tap number interaction was found (F (2) = 8.42, p = 0.015) (Fig. 4C1).
Mutant fish habituated more quickly than WT, again consistent with a reduction in stress
reactivity, but the difference was significant only for HET fish (HET: p = 0.011; HOM: p =
0.088). We also assessed the habituation response to repeated acoustic startle stimulation by
looking at the decrease in the proportion of responders across stimuli (Fig. 4C2). Statistical
analysis showed a significant effect of genotype (F (2) = 29.283, p < 0.001). Post-hoc analysis
revealed that in both HET and HOM the decrease in the proportion of responders was
significantly steeper than WT siblings (HET: p < 0.001; HOM: p < 0.001).

The second line generated, baz1b"s35, shows similar results in the three behavioural assays
(Fig. S4).

Reduced anxiety-like behaviour in bazlb LoF persists at later life stages.



As both WS individuals and domesticated species show reduced stress-reactivity throughout
life, we also investigated if the diminished stress-reactivity observed during early development
in the bazlb LoF larvae was maintained at later stages. We used the novel tank diving assay,
one of the most used behavioural tests to assess anxiety phenotypes in zebrafish, where time
spent in the bottom third of the tank and distance from the bottom of the tank are used as
measures of anxiety-like behaviour34, to assess anxiety-driven responses of juvenile fish (10-
12 weeks old; Fig. 5).

There was a significant main effect of time (F (9) = 9.085, p < 0.001) and genotype (F (2) =
7.336, p < 0.001) on the distance to the bottom, but the interaction time-genotype failed to
reach significance (F (18) = 1.029, p = 0.421). Distance from the bottom increased with time
suggesting reduction in anxiety-like response throughout the time in the novel environment,
which agrees with the normal response of fish to novelty. Genotype differences on the distance
from the bottom were driven by HET fish spending significantly less time closer to the bottom
than the other two genotypes (HET vs HOM: p = 0.0126; HET vs WT: p < 0.0001; HOM vs
WT: p = 0.548). Regarding total distance travelled, there were no significant effects of either
genotype (F (2) = 1.579, p = 0.212) or time (F (9) = 2.205, p = 0.190).

When assessing the proportion of time spent on the bottom third of the tank (Fig. 5C), we
found no effect of time (F (9) = 1.133, p = 0.361), and no significant interaction between
genotype and time (F (18) = 0.246, p = 0.999). However, there was a significant effect of
genotype (F (2) = 11.043, p < 0.001). Post-hoc analysis revealed this to be driven by HET
spending less time in the bottom third of the tank than WT (HET vs HOM: p = 0.0704; HET vs
WT: p < 0.0001; HOM vs WT: p = 0.079). In contrast, we did not find a significant effect of
genotype on the visits to the top half of the tank (Fig. 5D; F (2) = 2.415, p = 0.120), while there
was a significant effect of time (F (9) = 3.118, p = 0.003) and the interaction between genotype
and time (F (18) = 2.7, p < 0.001) whereby mutant fish are quicker to make more top half visits

than wildtypes after an initial reduction observed in all three genotypes.

Again, both HET and HOM baz1b"s3> mutants showed similar differences in behaviour

although this did not reach significance (Fig. S5).
Loss of bazlb disturbs the ontogeny of social behaviour in zebrafish

As the neural crest domestication hypothesis predicts an extension of the socialization window
during development'617.35-37 e assessed the ontogeny of social behaviour in bazlb LoF
mutants (Fig. 6 and Fig. S6). We used a method developed by Dreosti et al.38 in which the
preference to stay close to conspecifics is used as a measure of sociability. Assessing this
behaviour between 1 to 3 weeks of age, from non-social to fully developed social behaviour

respectively, allows comparison of the ontogeny of social behaviour between genotypes.



Statistical analysis of the correlation indexes showed that there was a significant genotype-
age of testing interaction on the social preference in the 0 vs. 3 contrast (F (4, 554) = 4.130,
p = 0.003). In contrast, the interaction did not reach significance in the 0 vs. 1 contrast (F (4,
556) = 0.06217, p = 0.993).

None of the genotypes showed any significant preference for the social cues when presented
with either contrast (0 vs. 3, or 0 vs. 1) during the first week of age and, consequently, no

differences in the correlation indexes were detected (Fig. S6A).

At 2 weeks of age (Fig. 6), fish from all genotypes showed a significant tendency to remain in
proximity to multiple conspecifics (0 vs. 3; WT: W = -544.0, p = 0.0451; HET: W = -1618, p <
0.001; HOM: W = -770.0, p = 0.003). Similarly, all genotypes showed this social preference
when confronted with one conspecific (0 vs. 1; WT: W = -733.0, p = 0.001; HET: -911.0, p <
0.001; HOM: -699.0, p = 0.002). Statistical analysis of the correlation index revealed that there
was a significant difference between genotypes (H (6) = 17.22, p = 0.004) and multiple
comparisons revealed it to be driven by HET showing a greater motivation to interact with
conspecifics than WT (p = 0.005) and HOM (p = 0.011) in the 0 vs. 3 contrast, while no
differences were detected in the 0 vs. 1 contrast. There were no significant differences in the

number of fish showing antisocial behaviour (avoiding arm with conspecific/s).

At 3 weeks of age (Fig. S6B), all genotypes showed a strong preference to interact with either
multiple (0 vs. 3; WT: W =-1966, p < 0.001; HET: W = -1596, p < 0.001; HOM: W =-1924, p
< 0.001) or single (0 vs. 1; WT: W = -2286, p < 0.001; HET: W = -2563, p < 0.001; HOM: W =
-2245, p < 0.001) conspecifics and the statistical analysis of the correlation indexes did not

describe any significant differences between genotypes (H (6) = 452, p = 0.108).

Thus, results of the sociability assay suggest that bazlb-dosage influences the ontogeny of
prosocial behaviours. Mutants of the baz1b™s3® line also showed altered social ontogeny,
although with variations: HOM showed increased motivation to shoal at week 1 but decrease

at 3 weeks of age (Fig. S7).
Discussion

Baz1b has been suggested to play a key role in the domestication process, however, although
knockdown of bazlb is associated with effects on neural crest development and craniofacial
changes consistent with a role in this process, a link between baz1lb and behavioural changes
associated with domestication has not been established. Thus, here we tested the hypothesis
that bazlb regulates neural crest development and both morphological and pro-social
behavioural phenotypes associated with domestication using zebrafish as a model species. In
agreement with previous data from in vitro human cells and other in vivo models, baz1lb LoF

resulted in mild developmental delay at earlier stages, disruption of neural crest development,
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and sustained craniofacial morphological differences later in life. Lack of baz1b also resulted
in fish showing a diminished stress response and increased willingness to socialise with

conspecifics during the ontogeny of social behaviour.

Lack of functional bazlb resulted in minor morphological differences associated with mild
developmental delay during early embryogenesis. Although in zebrafish mild developmental
delay, as determined by the head to tail distance, resolved at around 24 hpf, both changes in
pigmentation and reduced rate of hatching were observed at later stages, which is consistent
with altered input of the neural crest to destination tissues: differential distribution of pigment

cell within dermis and epidermis®® and immature neuromuscular junction*® respectively.

In agreement with previous studies, expression of markers of neural crest development was
disrupted in bazlb LoF compared to WT siblings. Both gPCR and ISH revealed an increased
level of expression of crestin a marker of pre-migratory neural crest in bazlb mutants. In
contrast, no changes in foxd3 were observed indicating that, although bazlb LoF alters the
maturation of the neural crest, it does not seem to affect neural crest formation and
maintenance*!. Interestingly, the reduction in sox2 expression seen on BAZ1B knockdown in
neural crest cells and Xenopus embryos was seen in bazlb heterozygous fish but not in
homozygous fish consistent with the heterozygous state more closely resembling the
knockdown condition. Several morphological and behavioural phenotypes were also found to
be more severely affected in heterozygous than homozygous mutants. As is often the case,
it may be that in the complete absence of functional baz1b, other factors are able to substitute
for bazlb protein function in the regulation of sox2 expression and/or other aspects of
development. Nonetheless, our gene expression analysis are consistent with a shift in the
balance between pre-migratory and migratory neural crest cells towards an extended
immaturity period of the neural crest in bazlb LoF embryos similar to that observed on

knockdown of baz1b in Xenopus and neural crest stem cells®12,

Altered development of the neural crest is associated with altered craniofacial morphology.
Consistent with a role of bazlb in neural crest development, deficiencies in bazlb induced
mild differences in cranial bones and facial features at both 5 dpf and 30 dpf but did not affect
the external maturity of the fish. In the main line of this study, bazlbd"“4 the LoF led to a
significant elongation between Mechkel's cartilage and the ceratohyal bone and,
consequently, an increase in the eye-snout distance in the heterozygous larvae. In contrast,
differences in craniofacial features reported in the second line, baz1b"s35, were associated
with shortened snouts. Craniofacial features of flattened nasal bone, protruding forehead, and
shorter snout are seen in Baz1lb LoF mice and are similar to craniofacial features seen in WS
patients as well as some domesticated species!'3. The difference in phenotypes seen in the

two bazlb LoF lines suggests that, although bazlb-dosage plays a role in the determination
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of facial features, other genes might be influencing the overall phenotype. This might explain
why the reduction in facial features is sporadically reported in different species of domesticated

animals despite variation at the bazlb locus*>#4,

A key aspect of our study was to test the hypothesis that reduction in expression of bazlb
affected behaviours associated with domestication. We examined stress-reactivity and social
behaviour. At both larval and juvenile stages, bazlb LoF led to a reduction of stress reactivity.
At larval stages mutant zebrafish showed increased rate of recovery in both the FLDT and
light startle assay with no consistent effects on locomotion per se. In both FLDT and light flash
startle paradigm distance moved in the first 5 minutes following light to dark transition is used
as an indicator of anxiety-like response such that the greater the distance travelled, the greater
the anxiety3233, As in the FLDT baseline locomotion varied with genotype, distance travelled
on light to dark transition is not informative. However, the rate of recovery following light to
dark, and dark to light transition has also been used as a measure of anxiety-like response:.
Using this measure, there is a difference in the rate of recovery such that mutants recover
more quickly on all transitions. This finding is consistent with reduced anxiety rather than
reduced locomotion, as if just reduced locomotion, a slower recover in the light, and faster in
the dark, would have been expected. The quick flash of light startle assay is an adaptation of
that recently developed by Lee and colleagues®? which is shown to rely on hypothalamus-
pituitary-interrenal (HPI) reactivity, the teleost equivalent of the mammalian HPA axis.
Therefore, our data are consistent with reduced HPI response. The neural crest contributes to
formation of the adrenal glands in both mammals and fish such that delay in maturation of the
neural crest leads to reduced HPA/I responsel’“4, Thus, the reduction in stress-reactivity in
bazlb mutants at larval stages is consistent with delayed maturation of HPI as predicted by
our gene expression analysis and the NCDS hypothesis. Consistent with findings in
domesticated species, these differences in stress reactivity persisted at later developmental
stages; 30 dpf heterozygous and homozygous fish showed a reduction in the tank diving

response, although this only reached significance for heterozygous fish.

As increased pro-social behaviour is associated with BAZ1B deficiency in WS and with
domestication, and the NCDS hypothesis predicts delayed maturation of the neural crest leads
to prolonged socialisation window!#4344 we assessed the ontogeny of social behaviour in
larval and juvenile zebrafish. Our data showed that bazlb LoF resulted in an increased
inclination to interact with conspecifics at 2 weeks of age. Furthermore, the sociability assay
also shows that multiple, instead of single, conspecifics are stronger drivers of social
behaviours in bazlb LoF zebrafish, which agrees with the NCDS hypothesis as this alteration

will be favouring larger social groups and intraspecific interactions*®45. Although bazlb LoF
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might not be influencing the overall time it takes to develop zebrafish’ social skills, it seems to

affect the eagerness to establish social contact with conspecifics during its ontogeny.

Differences in sociability are no longer observed by 3 weeks of age. However, the lack of
differences could be a consequence of either: a) all fish, regardless of genotype, have
developed a similar level of sociability at this age thus suggesting differences observed at
early stages have resolved; or b) if differences in sociability remain, they cannot be detected
in this assay as the salience to socialise is too strong by 3 weeks of age in all genotypes.
Nonetheless, Baz1lb might still be playing a role in social responses later in life as it has been

implicated in stimulus-specific response to different emotional paradigms in rodents?*¢.

Taken all together, our research shows that in zebrafish bazlb regulates both morphological
and behavioural phenotypes associated with the domestication syndrome in other species.
This investigation therefore supports the NCDS hypothesis. Although extrapolations from
zebrafish to other vertebrates and the process of domestication might be challenging, this

animal model has repeatedly proven its validity in behavioural neuroscience*’ 8.

Our work also suggests BAZ1B LoF plays a causal role in the increased sociability and
craniofacial dimorphisms observed in WS individuals. However, despite the social
predisposition, increased anxiety and anxiety-related disorders are prevalent in WS#°, which
is at odds with the reduced anxiety response seen in bazlb LoF fish. Thus, our research
suggests that BAZ1B is not a main contributor for this neurological feature in WS. Although
the lack of functional BAZ1B might result in a mild underdevelopment of the HPA axis, other
genes altered in this syndrome might have a more prominent role defining the final state of
stress- and anxiety-reactivity in WS. Therefore, this research emphasises the need to assess
the consequences of lacking specific genes alone to establish genotype-phenotype correlation

when studying disorders spanning multiple genes such as WS.

As Bazlb acts as both a transcription factor and chromatin remodeller in the neural crest, it
offers a powerful opportunity to extend the comparative studies to the epigenome. Targeting
Bazlb-associated chromatin interactions by novel multi-omics approaches might help to
elucidate the associated changes in gene expression. Thus, future studies that investigate
how Bazlb regulates the epigenomic landscape can help to elucidate the set of regulatory
changes leading towards pro-social behaviour and the initial domestication-associated

phenotypes.
Limitations of the study

Both lines used in this study revealed similar findings however there are some subtle
differences. For example, bazlb"“* HETs showed both morphological and behavioural

changes with HOMs being largely unchanged, whereas in baz1b"s® both HETs and HOMs
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showed phenotypic changes but these were less marked than in baz1b*9 This incongruence
could be manifesting different penetrance of the mutation since the fold change of bazlb
expression is minor in the second line with the reduced phenotype in baz1b"“4 homozygous
mutants reflecting partial rescue by substituting pathways. BAZ1B haploinsufficiency, as seen
in WS, is associated with hyper-sociability”->° while its duplication is linked to opposing
behaviours such as autism-like features*>. Further, in contrast to zebrafish, in rodents total
absence of Bazlb expression leads to mortality shortly after birth due to heart defects'251,
Therefore, heterozygous individuals might reflect better both the human WS pathology and

the genetic variations observed in domesticated species.
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Figure legends

Figure 1. Deficits in bazlb lead to mild neurocristopathy in zebrafish. A) Left panel shows
a DNA blast for the portion of bazlb’s exon 5 amplified by PCR used for genotyping between
WT (above) and mutants (below, 44 bp deletion). Primers used are highlighted in yellow,
crRNA site in blue, PAM site in grey and restriction enzyme over-lined. Right panel shows the
in-frame translation to amino acids (aa) sequences in WT (above) and mutants (below) of the
same exon 5 portion. Arrow indicates mutation starting site, changed aa are in red and stop

codon marked as a dash (-). B) Relative change in gene expression (logio) assessed by gPCR
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between 5 dpf larvae from each genotype showing that in both HET and HOM the expression
of baz1b is significantly diminished with respect to WT. Figure shows individual values (N = 3
per genotype, each representing a group of 16 larvae combined) and mean + standard error
mean (SEM). C) Developmental comparison between the three phenotypes for the head to
tail distance at 12 hpf (C1) and at 15 hpf (C2), ratio body/tail-out-of-yolk-ball at 24 hpf (C3),
relative percentage of pigmentation at 30 hpf (C4), body length at 60 hpf (C5) and at 72 hpf
(C6), and percentage of hatched larvae between 49 to 73 hpf (C7). D) Relative change in gene
expression (logio) for crestin, foxd3 and sox2 from each genotype at 24 hpf. Right side shows
whole larvae in situ hybridization (WISH) against crestin for WT and HOM at 18 and 24 hpf.
E) Relative change in gene expression (logio) for sox10 and p75ntrb from each genotype at
24 hpf with WISH against pax2a (E1) and pax2b (E2), genes regulated by bazlb. Graphs
show mean = SEM. In all cases: * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.001. Statistical
test: one-way ANOVA with Tukey correction for multiple comparison for B, C2, C4, C5, D and
E; non-parametric test of Kruskal-Wallis corrected for multiple comparison for C1, C3 and C6;
two-way ANOVA with repeated measures with Tukey correction for multiple comparison for

C7. Scale bars represent 2 um.

Figure 2. bazlb LoF zebrafish have altered craniofacial features. A) Comparison between
genotypes for the cranial features (outlined in the picture below) observed at 5 dpf by alcian
blue staining: ratio 1/2 (A1), ratio 1/3 (A2), ratio 1/4 (A3), ratio 2/3 (A4), ratio 2/4 (A5) and ratio
5/6 (A6). B) Morphological comparisons of intact 5 dpf for the three genotypes: body length
(BL, in mm; B1), eye length (EL) normalised to BL (B2), eye width (EW) normalised to BL (B3),
head width (HW) normalised to BL (B4), inter-ocular distance (IOD) normalised to BL (B5) and
eye-snout distance (ESD) normalised to BL (B6). C) Morphological comparison of intact
juvenile fish (30 dpf). Graphs show mean = SEM. In all cases: * p < 0.05; ** p < 0.01; **p =
0.001; **** p < 0.001. Statistical test: one-way ANOVA with Tukey correction for multiple
comparison for Al, A3, A5, A6, B2-B6 and C1-C6; non-parametric test of Kruskal-Wallis

corrected for multiple comparison for A2, A4 and B1.

Figure 3. Loss of bazlb leads to faster habituation in the forced light dark transition
(FLDT) assay. A) Diagram of the assay. B) Mean distance moved per genotype during the
baseline and the three light-dark cycles (10 minutes each). Note that both HET and HOM

describe a steeper slope than WT sibling during the light phases. Data shows mean + SEM.

Figure 4. Loss of bazlb diminishes stress response and habituation in the flash of light
and acoustic startle assay. A) Diagram of the assay. B) Flash of light: total distance moved

during the flash of light (time 0) and two seconds after. Dots represent distance travelled in 1
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sec time bins (B1), and mean distance moved during recovery for the 18 seconds following
this period (B2). Dots represent 1 sec time bins. C) Acoustic startle assay: total distance
moved 25 seconds before and during the acoustic cues (C1) and proportion of responders
during the acoustic cues (C2). In all cases, data shows mean + SEM. Intragroup variations in

N number are due to statistical exclusion criteria applied at each time bin.

Figure 5. Novel tank diving assay shows anxiolytic phenotype in bazlb LoF zebrafish.
A) Changes in distance travelled for the three genotypes in the novel tank diving assay divided
in 30 seconds time beams. B) Distance to the bottom of the assay in each 30 seconds for the
three genotypes. C) Fraction of time in the bottom third and D) top halve visits for the three
genotypes during the novel tank diving assay. Graphs show mean + SEM. Intragroup

variations in N humber are due to statistical exclusion criteria applied at each time bin.

Figure 6. Loss of bazlb disturbs the ontogeny of sociability in zebrafish. Graphs show
change in social preference index (SPI) between basal conditions (0 vs. 0) and contrast (O vs.
3or0vs.1)for either WT, HET or HOM at week 2 of age (for week 1 and 3 see supplementary
figure 6). N is included in each graph. Below panel shows the comparison of the correlation
indexes for all the contrast at the corresponding week. A) week 1 (from 6 to 9 dpf), B) week 2
(from 13 to 15 dpf), C) week 3 (from 13 to 15 dpf). Graphs show individual values and mean
(also between brackets for SPI) + SEM. In all cases: * p < 0.05; ** p < 0.01; *** p < 0.001.
Statistical test: non-parametric two-tailed Wilcoxon signed-rank test of paired samples for
SPIs; non-parametric test of Kruskal-Wallis of not paired samples with Dunn’s correction for

multiple comparisons for correlation index.

STAR Methods
Resource availability
Lead contact

Further information and requests for resources, zebrafish or other resources should be
directed to and will be fulflled by the lead contact, Caroline H. Brennan

(c.h.brennan@gmul.ac.uk).

Materials availability

Zebrafish lines generated in this study have been deposited to Ximbio (London, UK):
bazlb_e5[44bp del] Zebrafish; bazlb_e5[35bp ins] Zebrafish. Additionally, zebrafish lines can

be provided upon email request to the lead contacts.

Data availability
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- All original data, statistics and codes used in this manuscript are available at Mendeley
Data. DOI: 10.17632/ktxyzdvwyw.1.
- Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
Experimental model and subject details

All in vivo experimental procedures described were reviewed and approved by the QMUL
ethics committee (AWERB) following consultation of the ARRIVE guidelines (NC3Rs, UK) and
conducted in accordance with the Animals (Scientific Procedures) Act, 1986 and Home Office

Licenses.

Zebrafish were housed in a recirculating system (Techniplast, UK) with a light:dark cycle of
14:10. Both housing tanks and testing rooms were maintained at ~25-28 °C. Subjects were
maintained in aquarium-treated water and fed twice daily with dry food (ZM-400,Zebrafish
Management Ltd, Winchester, United Kingdom) in the morning and live brine shrimp (Artemia
salina) in the afternoon. All zebrafish used from this study originated from a Tubingen wild

type (WT) background line.

To breed them, zebrafish were moved to breeding tanks with perforated floors in the evening
and eggs collected the following morning. Eggs were incubated in groups of no more than 50
per Petri dish at 28 °C until 5 dpf. At 6 dpf, larvae were transferred to the recirculating system
and fed twice daily with commercial fry food (ZM-75, ZM-100, Zebrafish Management Ltd,

Winchester, United Kingdom) and life paramecium/brine shrimp, depending on their age.

Sex in laboratory zebrafish lines is not determined by a chromosomal mechanism and sexual

differentiation only initiates at ~25 dpf°2. Therefore, sex was not reported in the present study.
Method details
Generating loss-of-function (LoF) zebrafish

The procedure used is similar to that described by Keatinge and colleagues®® but with small
variations. One-cell stage zebrafish embryos were injected into the yolk with 1 nL injection
solution containing 62.5 ng/pL crispr RNA (crRNA, Sigma), 62.5 ng/puL tracrRNA (Sigma,
cat. TRACRRNAO5N), 1:8 dilution Cas9 protein (New England Biolabs, cat. MO386M; diluted
in buffer B, New England Biolabs, cat. B802S) and 1:40 dilution of phenol red (Sigma Aldrich).
The crRNA (5’CUCAUCCUCCACCACCCAGG) was designated to target a section of exon 5
of the zebrafish gene bazlb (ensembl gene ID: ENSDART00000158503.2) overlapping a
restriction site for the Bsll enzyme (New England Bioscience) which includes a PAM site.
Once a pair of founders was identified (outcrossing them to WT and genotyping the offspring

by PCR) they were in-crossed and resulting F1 genotyped. All identified homozygous
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individuals (bazlb”) from the F1 were individually outcrossed with different non-related WT
fish, eggs collected and combined to randomly select a population of heterozygous (baz1b*")
zebrafish to constitute the F2 (minimum of two tanks of 50 individuals each). Finally, F2s were
in-crossed and F3 genotyped to establish a breeding stock of fish from each genotype. Primers
used for genotyping: forward 5 AGAAGAAGAAATGGGTCATGCC and reverse %5
CCTCTTAAACCATCTCACCTTGT.

Quantitative PCR (qPCR)

To validate the LoF lines, groups of 16 larvae at 5 dpf from all corresponding genotypes (N =
3 per genotype) were collected and stored in RNAlater (Thermo Fisher) until use. Collected
larvae were previously scrutinized to ensure consistent developmental stages across groups.
RNA extraction and quantitative PCR (gPCR) were carried similarly as previously described®.
The relative expression of bazlb (targeting exon 1 and 2, upstream of the mutation site) was
calculated with two housekeeping genes (B-actin and rpll3a) as references, adjusted by their

corresponding efficiencies and normalised similarly as done before®.

Additional gPCR experiments were done under similar condition except using 24 hpf embryos
instead of 5 dpf. Two experimental batches, at relevant embryological stages, were used for
this characterisation. First batch to assess crestin, sox2 and sox10. Second batch for foxd3
and p75NTRb.

Specific sequence and additional details (length, efficiency, and source) can be found in Table
S1.

Whole body in situ hybridization (WISH)

We used a standard method for in situ hybridizations®®. All embryos of 26 hpf or older were
raised in fish water containing 200 uM 1-Phenyl-2-thiourea (PTU; Sigma Aldrich) to prevent
melanin synthesis. A minimum of 15 individuals per genotype and RNA probe were carefully
staged before WISH using Kimmel’s criteria®® to ensure potential differences were due to
genotype and not developmental delay. RNA probes were generated and amplified by PCR
from cDNA produced similarly as above from WT larval tissue. PCR products were isolated
with a QIAquick Gel Extraction kit (Quiagen) and purified fragments cloned into pPGEM-T Easy
vector (Promega). Specific details for the generated probes can be found in Table S2. cDNA
clones for the following probes were obtained from others: epha4®” and pax2b®8. Pictures were
taken using a Leica S9i stereo microscope with an integrated CMOS camera (10Mpixels, pixel
size 1.67 um x 1.67 um), in a laptop Dell Latitude E5440 with the software Leica Application
Suite LAZ EZ version 3.4.0 and stored as tagged image file format (tiff).

Alcian blue staining

18



5 dpf larvae were fixed overnight in 4% paraformaldehyde (PFA) in a phosphate-buffered
solution with 0.1% Tween-20 (PBT,; Sigma-Aldrich). Following day, larvae were washed with
PBT, depigmented with a PBT solution containing 30% H202/0.5% KOH for approximately 1
hour, washed further with PBT, stained in 0.37% HCI/70% ethanol /0.1% Alcian Blue in PBT
for 90 minutes and washed again with 1% HCI/70% ethanol in PBT. Larvae were then cleared
with 50% glycerol/0.5% KOH and mounted in a groove cut into a 1% agarose base at the
bottom of a Petri dish to ensure consistent orientation of all larvae. Pictures taken from the
ventral and lateral planes and analysed using software Imaged Java 1.8. 0_45 [64-bit]
(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/, 1997-2018). Bone measurements were selected from those used in
previous published works?’-2°, aiming to assess craniofacial changes in zebrafish: 1) width of
the ceratohyal (CH) at palatooquadrate (PQ) joint; 2) length of (1) to Mechkel’s cartilage (M);
3) length M-CH; 4) width M at PQ joint; 5) M-PQ angle; and 6) CH angle. Relevant ratios of

these measurements were also used whenever appropriate to assess craniofacial defects?°.
Additional morpho-physiological measurements

To ensure any observed differences are due to bazlb LoF and not background genetic
differences between pairs, multiple individual breeding pairs (minimum of 10 per desired
genotype) were set to breed simultaneously to obtain fish from the three possible genotypes
(WT x WT, HOM x HOM and WT x HOM). 30 minutes after breeding, all eggs were collected,
pooled together according to genotype and 150 fertilized eggs selected at random from each
genotype for morphophysiological analysis. 50 4-8 cell fertilised eggs were collected into each
of 3 Petri dishes for each genotype to avoid possible ‘plate-induced’ differences). Pictures
were taken at different stages using a Leica TL3000 Ergo microscope with a Leica DFC3000
G camera, the software Leica Application Suite X version 3.4.2.18368 and collected as tiff. In
accordance with previously published analyses®, the following morphological analysis were
performed using ImageJ: head-to-tail distance at 12 and 15 hpf, whole body length (BL) and
portion of tail protruding from yolk sack at 24 hpf, relative pigmentation intensity at 30 hpf, and
BL at 60 and 72 hpf. Additionally, the percentage of hatched larvae was monitored between
49 to 73 hpf.

At 5 dpf, some larvae (N = 30 per genotype) were fixed overnight with PFA. Following morning,
larvae were briefly washed with PBST and cleared with increasing concentrations of glycerol
up to 100%. Whole body dorsal and lateral plane pictures were taken using the same setup
as in the Alcian blue section to measure similar parameters as assessed in Martinez et al.,
2019 ©: BL, eye length (EL), eye-snout distance (ESD), eye width (EW), head-trunk angle
(HTA), head width (HW) and inter-ocular distance (I0OD). 30 dpf fish were processed likewise,
but without clearing with glycerol, to measure BL, EL, ESD, EW, HTA, HW and IOD, and to
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assess their maturity state based on pigmentation/maturation patterns similarly as Singleman
& Holtzman 2014%. The analysis of the partial body measurements were done after
standardising by BL (specific measurement/BL) to ensure directionality (increase vs.

decrease; elongation vs, shortening) of the potential changes in the craniofacial features.

To ensure observed differences were not due to angle variations of the samples when taking
pictures, fixed fish were positioned on a grooved area carved out of a 1% agarose base at the

bottom of the Petri dishes.
Behavioural evaluation

Larvae used for behavioural assays were obtained from in-crosses of bazlb heterozygous
(HET x HET) zebrafish and thus examiner was blind to genotype until larvae were culled and

genotyped by PCR (similar to above) after behavioural experimentation.

Forced light-dark transition (FLDT) at 5 dpf. This test was performed between 9 am and 4 pm.

5 dpf larvae were individually placed in 48-well plates and set to acclimate for 15 minutes
inside the dark DanioVision Observation Chamber (Noldus Information Technology,
Wageningen, The Netherlands). After this period, an initial 10-minute recording in the dark
(infrared conditions) was used as baseline and zebrafish larvae were subjected to 3
consecutive forced light/dark transition cycles, each consisting of 10 minutes of light followed
by 10 minutes of dark. Distance travelled was recorded using Ethovision XT software (Noldus
Information Technology, Wageningen, NL) and data were outputted in 10-second time bins.
To account for experimental variation, two independent experiments per day were conducted

on three consecutive days.

Flash of light and acoustic startle habituation at 5 dpf. Sensorimotor startle response and

habituation were tested in a protocol combining a variation of the light-locomotor behavioural
assay developed by Lee and colleagues®? and a startle tap test. This assay was performed
between 9 am and 4 pm. At the beginning of each trial, individual 5 dpf larvae resulting from
bazlb heterozygous in-crosses (unknown genotypes until the end of the experiment) were
randomly placed in a 48-well plate and set to acclimate inside a dark DanioVision Chamber.
After 10 minutes of initial habituation, recording started. Following a further minute of
acclimation in the dark, larval zebrafish were exposed to a brief illumination in white light (2
seconds), and then back to dark conditions for 2 minutes. Right after, zebrafish larvae were
subjected to 25 sound/vibration consecutive stimuli with an inter-stimulus interval of 2
seconds. Distance travelled was recorded using Ethovision XT software and data were
outputted in one-second time bins. Two independent experiments per day were conducted in

three consecutive days.
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Novel tank diving assay of juvenile zebrafish. This assay was performed as described

previously®* with small adaptation for juvenile fish. Zebrafish were housed in tanks according
to genotype. At least two batches of fish were used per genotype (to avoid tank effect) at 10-
12 weeks old. This assay was conducted between 9 am and 2 pm. All zebrafish were fed
between 30 to 60 minutes before testing started. Trapezoid tank dimensions were 22 (bottom
part) x 27 (top part) x 9 x 14.5 cm. It contained 2 litres of fresh fish system water (10 cm height
water column) that was changed between trials. Fish were individually placed in the test tank
and recorded from the side for 6 minutes. Swimming activity, including distance to the bottom
and total motility (distance moved by the subject, in cm, for each time bin), were tracked and

analysed using EthoVision software and data outputted in 30-seconds time bins.

Ontogeny of sociability. This assay was performed as Dreosti et al. 20153 with small

modifications. Briefly, 4 tanks of 50 fish were kept for each genotype and re-analysed at weeks
one (6 to 8 dpf), two (13 to 15 dpf) and three (20 to 22 dpf). Tests were performed between
10 am and 7 pm. Each fish was only tested once within each week, with a delay between
consecutive weeks of testing of = 7 days. Fish used as test subjects from each genotype were
age/size matched to stimuli fish from the same genotype (same housing tank). Experiments
were performed simultaneously in two DanioVision Observation Chambers, each containing
6 arena setups with fish from a certain genotype. At least two independent experiments were
conducted each day per genotype and DanioVision Chamber with side of social cue
presentation balanced in each trial. Swimming activity, including total motility and position
within the arena, were tracked and analysed using EthoVision XT software and data outputted
in single 15 minutes bins. Social Preference Index (SPI) was calculated similarly to Dreosti et
al. 2015 but, additionally, we calculated the Correlation Index (r) to compare predisposition of

fish to socialize: [r = SPlexperimentalPhase — SPlacclimationPeriod]
Quantification and statistical analysis

Power calculations (beta = 0.8, alpha = 0.05), with effect sizes determined from pilot studies,
were used to estimate sample size for each experiment. The N number for each experiment
can be found in the corresponding figure or provided supplementary materials. Whenever
possible, animals/contrast/testing order were selected at random. Unless stated otherwise, all

effects are reported as significant at p < 0.05.

Molecular _and _morphological comparisons. The gPCR data on relative change in gene

expression and all morphological comparisons were analysed using GraphPad Prism 9.0.2 for
Windows (GraphPad Software, San Diego, California USA, www.graphpad.com).
Morphological analysis was carried out similarly to Elabd et al., 201981, Dataset was assessed

for normal distribution by Shapiro-Wilk’s test (p > 0.05) and visually assessing the normal QQ
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plot. If normality assumptions were not violated, datasets were analysed with an ordinary one-
way ANOVA with Tukey correction to account for multiple comparisons. If normality was
violated, data was either transformed to log 10 or using other normalising factors (e.g. BL), or
analysed using the non-parametric Kruskal-Wallis test for unpaired samples and using Dunn’s
test to correct for multiple comparisons. Rate of hatching was analysed with a two-way
repeated measures ANOVA with “genotype” and “time” as factors and “subject” as matched

set and using Tukey correction to account for multiple comparisons.

Larval behavioural assays and novel tank diving. Corresponding data was analysed using R

version 4.0.0 and Rstudio version 1.2.5042 and results of all statistical analyses were reported
with respect to a type-1 error rate of a = 0.05. Data analysis was performed similarly as

previously described?? but with small changes.

For FLDT, we created three subsets of data to be analysed separately: baseline, light, and
dark periods. Baseline period was fitted to the linear mixed model with the total distance
travelled as a response variable, genotype as fixed effects, and fish ID as random effects.
Light and dark periods constituted the three similar events combined. To explore the change
in larvae movement over time in the light (increase) and in the dark (decrease) over time,
linear models at light and dark periods were fitted using distance travelled as response
variable, interaction between genotype and time as independent variable and fish ID as
random effects. Linear mixed models were calculated using R package Ime4 and significant
fixed effects identified using chi-squared test. To further characterise the effects, where
significant differences were established, and post-hoc Tukey test using R package ‘multcomp’
were carried out. The B coefficient in light and dark period models represents the increase or

decrease in distance travelled over time and can be interpreted as the larval ‘recovery rate’.

For the flash of light and acoustic startle habituation test, data was divided into 4 parts:
baseline period 1, flash of light+recovery, baseline period 2 and response to startle stimuli.
Baseline period 1 and 2 were analysed as described above. Response to the flash of light was
analysed by looking at total distance moved in 2 seconds following the flash and the rate of
recovery. In the “jump” analysis, data was fitted to the linear mixed model with the total
distance travelled as a response variable, genotype as fixed effects, and fish ID as random
effects. The slope was analysed as previously described in FLD analysis, where the linear
model was fitted with distance travelled as response variable, interaction between genotype

and time as independent variable and fish ID as random effects.

Response to startle stimuli was analysed in two different ways. In both approaches, each TAP
event was defined as a two second event, consisting of exact time of the startle stimuli and

the following second. In the first approach, we calculated slope of habituation to startle stimuli
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by fitting a linear mixed model using distance travelled as response variable, interaction
between genotype and tap event as independent variable and fish ID as random effects. Then,
significant fixed effects were identified using chi-squared test and, when significant differences
were established, post-hoc Tukey test was used to further characterise the effects. In the
second approach, we defined a response/non-response status for each fish with threshold for
responsive status defined as mean distance moved per second during the basal period plus
two standard deviations (SD). The threshold was calculated for all three genotypes together,
as genotype was not a significant predictor of basal distance travelled. Each fish was assigned
as ‘responder if it moved more than the threshold during the TAP event or as “non-responder’
if it did not. Using the R package ‘betareg’, we modelled beta regression with percentage of
fish responding to stimulus as a response variable and interaction between TAP event number
and genotype as explanatory variables. Then, likelihood ratio tests for nested regression
models were performed to assess if the interaction between TAP event number and genotype

was a significant predictor of individual responsiveness.

In the novel tank diving assay, data on distance travelled in the tank and distance from the
bottom of the tank was fitted to a linear mixed model with the total distance travelled and
distance from bottom (considering that as the absolute bottom inside the tank) in 30 second
bins as a response variable, time and genotype as fixed effects, and fish ID as random effects.
To analyse differences in the time spent in the bottom third of the tank, we performed beta
regressions using the R package “betareg’. To analyse genotype differences in the number of
transitions between the top and the bottom of the tank, we fitted the data to a generalized
linear mixed model with Poisson distribution using the number of transitions to the top-bottom
of the tank as response variable, time and genotype as fixed effects, and fish ID as random
effects. In all novel tank diving data analyses, the first 30 seconds were excluded as recording

of the assay is started prior to the fish being added.

Ontogeny of sociability behaviour. Corresponding data was analysed using GraphPad Prism

9.0.2 for Windows. An ordinary 2-way ANOVA was used to assess genotype x age interaction
of the correlation indexes for each contrast (0 vs. 3 or 0 vs. 1). The differences in SPI each
week of testing within genotypes were analysed similarly as Dreosti et al., 2015%: the non-
parametric two-tailed Wilcoxon signed-rank test of paired samples. Correlation indexes were
analysed with the non-parametric test of Kruskal-Wallis of not paired samples and using

Dunn’s test to correct for multiple comparisons.
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Highlights
e In zebrafish, bazlb regulates neural crest development and craniofacial
features
e Developmental deficits in bazlb result in reduced anxiety-associated
phenotypes
e Developmental deficits in bazlb alter the ontogeny of social behaviours in
zebrafish

e bazlb regulates phenotypes associated with the domestication syndrome



KEY RESOURCES TABLE

¢? Cell”’ress

REAGENT or RESOURCE \ SOURCE \ IDENTIFIER

Chemicals, peptides, and recombinant proteins

tracrRNA Sigma Cat#TRACRRNAO5
N

Cas9 protein New England Biolabs | Cat#M0386M

1 - Phenyl - 2 - thiourea (PTU) Sigma CAS: 103-85-5

Alcian Blue Sigma CAS: 33864-99-2

Critical commercial assays

QIAquick Gel Extraction kit Quiagen Cat#28706X4

pPGEM-T Easy vector Promega Cat# A1360

Deposited data

Raw, analyzed data and code

This paper; Mendeley
Data

http://dx.doi.org/10.1
7632/ktxyzdvwyw.1

Experimental models: Organisms/strains

Zebrafish (Danio rerio): Strain: Tubingen (TU); Mutation:

bazlb_e5[44bp del]

Queen Mary University
of London

Ximbio:
bazlb_e5[44bp del]
Zebrafish

Zebrafish (Danio rerio): Strain: Tubingen (TU); Mutation:

bazlb e5[35bp ins]

Queen Mary University
of London

Ximbio:
bazlb e5[35bp ins]
Zebrafish

Oligonucleotides

crRNA, 5CUCAUCCUCCACCACCCAGG, ensembil This paper N/A
gene ID: ENSDART00000158503.2
Primers used for genotyping: forward 5’ This paper N/A
AGAAGAAGAAATGGGTCATGCC
Primers used for genotyping: reverse 5’ This paper N/A
CCTCTTAAACCATCTCACCTTGT
Primers for gPCR, see Table S1 This paper N/A
Primers for WISH, see Table S2 This paper N/A

Software and algorithms

Leica Application Suite LAZ EZ version 3.4.0

Leica Microsystems

https://www.leica-
microsystems.com/

ImageJ Java 1.8. 0_45 [64-bit]

Rasband, W.S.,
ImageJ, U. S. National
Institutes of Health,
Bethesda, Maryland,
USA

https://imagej.nih.go
viij/, 1997-2018

Leica Application Suite X version 3.4.2.18368

Leica Microsystems

https:/iwww.leica-
microsystems.com/

Ethovision XT software

Noldus Information
Technology,
Wageningen, NL

RRID:SCR_000441

R Project for Statistical Computing version 4.0.0

R Project for Statistical
Computing

RRID:SCR_001905

Rstudio version 1.2.5042

250 NORTHERN AVE,
BOSTON, MA 02210

RRID:SCR_000432

GraphPad Prism 9.0.2 for Windows

GraphPad Software,
San Diego, California
USA

RRID:SCR_002798




