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mutant and control fish in each experiment are available in Table S2 and on 1	
stackjoint.com/zbrain. All image processing and computational analyses were completed on the 2	
Harvard Odyssey cluster. 3	
 4	
Image similarity analysis 5	
To cluster the mutants based on their neural activities, the following steps were taken: 6	

1 Calculated the absolute difference in pixel intensities between each mutant and its wild-7	
type / heterozygous sibling control, as a measurement of neural activity changes in the 8	
mutant.  9	

2 Set the pixels outside the brain region to zero intensity. 10	
3 Defined each pixel with an intensity greater than 50 as a signal of activity change. The 11	

threshold of 50 was chosen such that background intensities were best separated from 12	
real signals based on test images. 13	

4 If a brain activity imaging experiment was independently repeated (78 of the 132 14	
mutants, 59 of those designated as having brain activity phenotypes), irreproducible 15	
signals were eliminated. First, the brains were segmented into four major brain regions: 16	
telencephalon, mesencephalon, rhombencephalon, and diencephalon (Randlett et al., 17	
2015). Signals in a brain region were discarded if they occupied very few pixels (< 18	
1/5000 of the total number of pixels in that brain region), or if they occupied pixels only 19	
in one of the two images. The pixels were also discarded if the directionality of signals 20	
(increased or decreased) was not the same in both images. After the elimination of 21	
irreproducible signals, the two images were averaged to obtain one image for each 22	
mutant. These images were used for calculating pixel sums (Figure 1G, Figure 1H, Figure 23	
4C). 24	

5 Dilated each signal in 3D by 8-pixels in diameter in x and y dimensions, and 4-pixels in z 25	
dimension to define a region of activity change for each mutant (Equation 1). 26	

6 For each pair of mutants, determined the overlap region of activity changes (Equation 3). 27	
Then, calculated the percentage of signals within the overlap region for each mutant and 28	
averaged the two percentages to obtain the similarity score between the two mutants 29	
(Equation 3).  30	

7 Repeated step 6 for all mutant pairs to construct a similarity matrix, which was then used 31	
as the distance matrix for a hierarchical clustering algorithm.  32	

 33	
𝑟𝑒𝑔𝑖𝑜𝑛 = 𝑠𝑖𝑔𝑛𝑎𝑙 ∗ 𝑘𝑒𝑟𝑛𝑒𝑙  (Equation 1) 34	

where signal is the binary 3D matrix that marks pixels with activity change with 1, * indicates 35	
convolution operation, and kernel is defined as: 36	
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where rx, ry, and rz are the radius for dilation along the 3 dimensions. 37	
 38	

𝑜𝑣𝑒𝑟𝑙𝑎𝑝!,!,! = 𝑟𝑒𝑔𝑖𝑜𝑛!!,!,!×𝑟𝑒𝑔𝑖𝑜𝑛!!,!,!  (Equation 2) 39	
where regioni and regionj are regions of activity change for the i-th and j-th brain respectively, 40	
and x, y and z represent indices in the 3D matrices. The resulting overlap is a 3D matrix with 1 41	
marking the overlapping pixels. 42	
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 3	
Behavior Analysis 4	
To determine whether mutants had a significant difference in either frequency of movement, 5	
features of movement, location preferences, or response to a stimulus, p-values for individual 6	
metrics were merged (eg, velocity and distance of movements are both considered features) as 7	
described in Figure S2B. For data with a time component, a linear mixed effects model was used 8	
to calculate significance: 9	

𝑀𝑜𝑣𝑒𝑚𝑒𝑛𝑡 ~ 𝑀𝑢𝑡𝑎𝑛𝑡𝑜𝑟𝑁𝑜𝑡 + 𝑇𝑖𝑚𝑒 +𝑀𝑢𝑡𝑎𝑛𝑡𝑜𝑟𝑁𝑜𝑡 ∗ 𝑇𝑖𝑚𝑒 
The model assumes that the movement of the fish can be approximated as a linear combination 10	
of (1) a constant (baseline) movement level, (2) a trend of movement in time, (3) a change in the 11	
baseline movement level due to the mutation, and (4) a change in the trend of movement due to 12	
the mutation. MutantorNot was the parameter evaluated for significance. The advantage of the 13	
linear mixed effects model is that it takes into account the longitudinal order of the data points, 14	
and therefore has the potential of recognizing consistent changes within a limited time window 15	
that might be missed if the order is disregarded. Kruskal–Wallis one-way ANOVA was used to 16	
compare stimulus responses for mutant and control groups based on the mean response metric 17	
for each fish. Once significance was determined for individual metrics (described below), the p-18	
values were merged into 71 categories or behavior assays (Figure S2). The merging was 19	
necessary to diminish false-positive findings. The merging approach was empirically defined as 20	
giving a <10% false discovery with randomized batches of wild-type larvae (Figure S2B). 21	
 22	
Behavior metrics: 23	
For all average measures, the metric is averaged for each fish prior to significance comparisons. 24	
An increased or decreased mutant response (blue or yellow in heatmaps, Figure 2) in features of 25	
movement or stimulus responses depends on what metric is most significantly different. It is 26	
feasible that a mutant could have decreased speed and increased distance, or increased frequency 27	
with decreased distance in the case of a stimulus response. 28	
Movement frequency metrics (12): Number of bouts (based on distance) / min, Number of bouts 29	
(based on distance) / 10 min, Number of bouts (based on delta pixels) / min, Number of bouts 30	
(based on delta pixels) / 10 min, Active seconds / min (based on distance), Active minutes / 10 31	
min (based on distance), Active seconds / min (based on delta pixels), Active minutes / 10 min 32	
(based on delta pixels), Average interbout interval (seconds) / min (based on distance), Average 33	
interbout interval (seconds) / 10 min (based on distance), Average interbout interval (seconds) / 34	
min (based on delta pixels), Average interbout interval (seconds) / 10 min (based on delta 35	
pixels). A “bout” is a movement that passes certain threshold parameters, and it can be calculated 36	
based on either change in pixels between frames (threshold of 3 frames and 3 pixels) or based on 37	
actual distance moved in pixels (threshold of 2 frames and 0.9 pixels). The “interbout” is the 38	
time between movements. 39	
Movement features metrics (14): Average bout cumulative delta pixels (pixels) / min, Average 40	
bout cumulative delta pixels (pixels) / 10 min, Average bout distance (pixels) / min, Average 41	
bout distance (pixels) / 10 min, Average bout displacement (pixels) / min, Average bout 42	
displacement (pixels) / 10 min, Average bout time (milliseconds) / min (based on distance), 43	
Average bout time (milliseconds) / 10 min (based on distance), Average bout time (milliseconds) 44	
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/ min (based on delta pixels), Average bout time (milliseconds) / 10 min (based on delta pixels), 1	
Average bout speed (pixels / millisecond) / min, Average bout speed (pixels / millisecond) / 10 2	
min. Average bout velocity (pixels / millisecond) / min, Average bout velocity (pixels / 3	
millisecond) / 10 min. 4	
Location in well metrics (8): Fraction of bout time in well center / min, Fraction of bout time in 5	
well center / 10 min, Fraction of interbout time in well center / min, Fraction of interbout time in 6	
well center / 10 min, Average bout rho / maximum rho / min, Average bout rho / maximum rho / 7	
10 min, Average interbout rho / maximum rho / min, Average interbout rho / maximum rho / 10 8	
min. The value rho is the radius in polar coordinates, used to determine location in well. 9	
Stimulus metrics (15-148, depending on number of sections combined, e.g. weak taps occur 10	
before the strong tap in prepulse and also independently, measures for both are merged): 11	
Frequency, Latency (milliseconds), Displacement (pixels), Cumulative distance (pixels), Area 12	
moved (pixels) (Figure 2D), Time (milliseconds), Speed (pixels / millisecond), Velocity (pixels / 13	
millisecond), Cumulative delta pixels, Peak change in delta pixel per response (pixels), Peak 14	
speed in per response (pixels / millisecond), Maximum change in delta pixels from average 15	
response trace (delta pixels in every frame), Location of maximum change in delta pixels 16	
(millisecond), Maximum change in distance from average trace (distance in every frame), 17	
Location of maximum change in distance (millisecond). In addition to all the parameters 18	
described, all tap responses were further analyzed based on the same parameters for two subsets 19	
of responses: canonical escapes and weaker responses that follow if the larva did not escape. 20	
“Big” responses (e.g. true escapes) were designated as having a velocity of >0.2 pixels / 21	
millisecond and having a latency of less than 25 millisecond from the start of recording (not from 22	
the actual tap occurrence). These parameters were determined by analysis of responses to the 23	
strong tap, which are true escapes the vast majority of the time. The “small” responses were 24	
every other response that occurred up to 75 milliseconds after the start of recording. All 25	
frequency phenotypes for prepulse inhibition experiments shown in Figure 5D represent changes 26	
in frequencies for “big” responses (true escapes). 27	
 28	
Analysis of single-cell sequencing data 29	
First, cells were filtered to remove those that contained less than 200 genes and those in which > 30	
6 of transcript counts were derived mitochondrial-encoded genes. Similarly, genes detected in 31	
less than 5 cells were removed. All cells derived from regions other than the forebrain, such as 32	
habenula and olfactory bulb, were removed. Similarly, non-neuronal types such as microglia and 33	
vascular cells were also removed from further analysis. The residual matrix was then scaled, 34	
centered and used for further analysis.  35	
 36	
To select highly variable genes, we used a combination of a UMI based method described 37	
recently (Pandey et al., 2018) and Seurat’s (Satija et al., 2015) variable gene selection approach. 38	
The resulting expression matrix across the highly variable genes was then used to perform 39	
dimensionality reduction and clustering using Seurat.  40	
 41	
To compare signatures between mutant and wild type datasets, both datasets were independently 42	
clustered as described. We used a multi-class Random Forest Classifier exactly as described in 43	
(Pandey et al., 2018). Briefly, the classifier was built on the most variable genes across both 44	
datasets using 1000 trees with R package RandomForest. The classifier was trained on 70% of 45	
the wild type dataset and tested on the remaining 30% of the cells (Figure S7C). Each cell in test 46	
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set was only assigned into a label if a minimum of 13% of the trees in the forest converged onto 1	
a decision. Otherwise the cells were unassigned. The resulting classifier was then used to predict 2	
wild type labels for the cells in the mutant dataset.  3	
 4	
DATA AND SOFTWARE AVAILABILITY 5	
All mutants have been cryogenically preserved as sperm, and are available upon request. All raw 6	
behavior and imaging data are available upon request. The 10X raw sequencing data has been 7	
deposited in GEO under the codes GSE115427. Labview code for tracking larvae and generating 8	
high-speed movies is available from the Harvard CBS Neuroengineering core at 9	
https://github.com/cbs-ntcore/Schier-Lab. Code for analyzing high-speed movies, processing 10	
both slow- and high-speed tracking data to generate behavior graphs, and for clustering brain 11	
activity maps are available at 12	
https://github.com/sthyme/ZFSchizophrenia. Code for calculating larvae locations and changes 13	
in pixels per frame (delta pixels) in high-speed stimulus response movies is partly based on 14	
previously published python tracking code (Conklin et al., 2015). 15	
 16	
ADDITIONAL RESOURCES 17	
All mutant allele information is available on the following website:  18	
genepile.com/scz_gwas108 19	
Brain activity maps for mutants are available on the following website: 20	
stackjoint.com 21	
stackjoint.com is a community resource, where users can upload their own data and share it with 22	
a limited set of colleagues or make it publicly available. Images can be hosted from any location 23	
chosen by the user. Any stack of images (any size, resolution, or number) can be shared through 24	
this site on stackjoint.com/basic, and zebrafish data that is registered to the Z-Brain can add to a 25	
growing repository of 6 dpf zebrafish neuroimaging data on stackjoint.com/zbrain. Users can 26	
upload and analyze their own zebrafish brain activity maps to identify regions of altered signal, 27	
based on Z-Brain anatomical masks available in this online resource. Colors of differences maps 28	
(activity, structure, or any antibody stain of interest) are designated as green for increased signal 29	
in test group (gene mutant, drug, or stimuli) and magenta for decreased. The current map naming 30	
convention for mutant data is 31	
Gene_AnalysisType_NofComparedAnimals_ExperimentalInfo_RunNumber_SignificanceCutoff 32	
e.g., ambra1_structure_13homhomover31homhet_hethomfxhomhetm_2nd_p00005 33	
where analysis type could be any antibody name, drug or stimuli type could replace gene name, 34	
and experimental information could be anything of relevance such as concentration of a drug. If 35	
uploading large amounts of data to this site, please contact for assistance in streamlining the 36	
process. 37	


