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1. Supplementary Methods
Our finding that the gene-phenotype associations we detect are specific to either interspecific variation in cerebellum volume, or neocortex volume, suggest that the evolution of these traits have independent genetic bases. However, it is possible that genes categorised at a higher level of the GO hierarchy may have less specific developmental functions and may be targeted by selection to bring about concerted, or pleiotropic, changes in the development of multiple structures. As such our results could be a result of focusing on GO categories that are lower in the GO hierarchy and more specific in terms of function. It is also possible that the GO categorisation is biased against lower GO hierarchical levels as many genes may be assigned to general functions but lack sufficient data for detailed annotation. This could affect our results by further selecting for genes with more narrow developmental functions.
	To address these possibilities we repeated our analyses on three GO terms towards the top of the GO ontology hierarchy for central nervous tissue. We selected EBIGO GO terms ‘brain development’ (GO:0007420) and two of its daughter terms, ‘forebrain development’ (GO:0030900) and ‘hindbrain development’ (GO: 0030902). These were chosen as the first level within the GO hierarchy where the ancestor charts for ‘cerebral cortex development’ and ‘cerebellum development’ meet and split respectively (Supplementary File 2, Figure S1). For each GO term we repeated the bioinformatics pipeline described in the main text. Briefly, we identified human orthologs for genes in each GO term and used these in a BLASTn search against 11 anthropoid genomes to obtain 11-way 1:1 orthologs. Each ortholog set was aligned in PRANK [Löytynoja and Goldman, 2010], filtered with SWAMP and a minimum sequence length of 300 bases [Harrison et al., 2014]. The final, filtered dataset included 572 ‘brain development’ genes, 289 ‘forebrain development’ genes and 98 ‘hindbrain development’ genes. For each GO term we identified genes that were not present in any direct child terms by obtaining a list of genes for each child, combining these, and subtracting the combined list from the gene list of the parent term. This created a ‘childless’ and a ‘not-childless’ category for each of the three target GO terms, allowing us to test whether poorly categorised genes show different patterns of selection pressures or different gene-phenotype associations compared to better categorised genes.
	For each gene we repeated the evolutionary analyses described in the main text. We tested for positive selection acting across the phylogeny using the site models in PAML [Yang, 2007], and for accelerated evolution or lineage specific positive selection in hominoids using the branch and branch-site models. The branch models were subsequently used to calculate the root-to-tip dN/dS for each species across all genes. These were then used to identify gene-phenotype associations using log10-log10 phylogenetic general least square regressions in BayesTraits [Pagel, 1999]. We ran two models for each gene, one with cerebellum and neocortex volume as the independent traits, and one with cerebellum, neocortex and the rest-of-brain volume as independent traits. Multiple test correction was performed within each gene category using the Benjamini-Hochberg method [Benjamini and Hochberg, 2016].

2. Supplementary Results and Discussion
i) Patterns of selection 
Across all three GO terms we found no evidence that childless genes are more or less likely to show evidence for positive selection (Supplementary File 1, Table S7). After pooling genes in these two groups, the proportion of genes with evidence for accelerated rates of evolution in hominoids under the branch model test did not differ between forebrain and hindbrain development genes before (Fisher’s exact test, p = 0.564) or after (Fisher’s exact test, p = 0.100) correcting for multiple testing. Similarly there is no significant difference in the proportion of genes with evidence of episodic positive selection in the hominoid lineage under the branch-site model test (before FDR correction Fisher’s exact test, p = 0.659; after FDR, p = 0.758). This contrasts with our results for the lower GO terms ‘cerebral cortex development’ and ‘cerebellum development’ where significantly more genes linked to the cerebellum showed evidence of heightened positive selection. This may suggest genes with more specific, or better-categorised roles in cerebellar development have more frequently been targeted by hominoid-specific positive selection compared to genes involved in other aspects of hindbrain development. This is consistent with the non-allometric expansion of the cerebellum, but not other hindbrain regions, in hominoids (Barton and Venditti, 2014).
[bookmark: _GoBack]ii) Gene-Phenotype associations
Analysing GO terms that are higher in the GO hierarchy provides a test of whether the specificity in gene-phenotype associations we observed in our main analyses are repeated in more general terms. We first compared the proportion of gene-phenotype associations for each GO term between childless and not-childless genes. In almost all cases we found no significant difference (Fisher’s exact test, p >0.05). We found one exception where childless ‘brain development’ genes were more likely to show a significant association with cerebellum volume than not-childless genes (p < 0.001), however when rest-of-brain volume was included as an additional variable this difference was not apparent (p = 0.886).  Hence, the results reported in the main text are unlikely to be affected by biases in the distribution of significant results across genes with differing degrees of GO categorisation.
In the regression models including only cerebellum and cerebral cortex, we identified 28 genes with a significant association with cerebellum volume, and 40 genes with a significant association with neocortex volume among the ‘brain development’ group (Supplementary File 1, Table S8). Of these only one remained significant after FDR correction, an association between CAST and neocortex volume (t9 = 6.564, FDR-p = 0.023). This association is also found when rest-of-brain volume is included as an additional independent variable (t7 = 6.264, p = 0.001, FDR-p = 0.115).  Among the ‘forebrain development’ group we identified 29 genes with an association with cerebellum volume, and 17 with an association with neocortex volume, none survived FDR correction. Among the ‘hindbrain development’ group we identified 14 genes with an association with cerebellum volume, and 12 with an association with neocortex volume, of which 5 and 1 were robust to FDR correction. Including rest-of-brain as an additional independent variable produced similar proportions of nominally significant results (Supplementary File 1, Table S8).
	As was the case for ‘cerebellum development’ and ‘neocortex development’ we found no gene that showed a significant association with both cerebellum and neocortex volume (see main text). This was true both before and after FDR correction, and with or without including rest-of-brain volume in the regression model. In contrast, when rest-of-brain was included we identified several instances where an association was found for both cerebellum and rest-of-brain volume. 11/71 ‘brain development’ genes that showed an association with cerebellum volume also showed an association with rest-of-brain volume, compared to 0/38 genes that showed an association with neocortex volume. This is a significant difference in overlap (Fisher’s exact test, p = 0.008). The same pattern is found in ‘forebrain development’ (6/31 vs 0/15) and ‘hindbrain development’ (2/16 vs. 0/17), however in these cases the difference was not significant (forebrain: p = 0.157; hindbrain, p = 0.508). We therefore conclude the distinct associations we report in the main text are not a product of the position of our GO terms within the GO hierarchy, but are also observed in more general GO categories. The greater overlap between associations with cerebellum and rest-of-brain volume may reflect a closer developmental relationship with components of ‘rest-of-brain’.
	We highlight three genes from the ‘hindbrain development’ group with particularly interesting patterns of molecular evolution with respect to hominoid cerebellar expansion that were not included in the main analysis. RERE, SEC24B and HAP1 all showed evidence of positive selection across anthropoids and/or an accelerated rate of molecular evolution in hominoids, and a significant association with cerebellum volume in both regression models (Supplementary File 1, Table S9). For the simple model, including only cerebellum and neocortex volume as independent variables, the associations are robust to FDR correction. RERE has been shown to play a significant role in cerebellar development and foliation during prenatal development [Kim and Scott, 2014]. SEC24B is involved in vesicle trafficking and causes defects in neural tube development when disrupted [Merte et al., 2010]. Finally, HAP1 is necessary for normal cerebellar development through an interaction with AHI1, a gene known to cause Joubert’s syndrome [Sheng et al., 2008]. We suggest the evolutionary roles of these loci may merit further investigation.
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[image: ] Figure S1: Gene ontology ancestor chart for focal terms (blue boxes. The main test presents a comparison of ‘cerebral cortex development’ and ‘cerebellum development’. In the supplementary analyses we focus on higher GO terms ‘brain development’, ‘forebrain development and ‘hindbrain development. For each term we classified genes as ‘childless’ (red boxes) if they were not annotated in any ancestor term, and  ‘not childless’ if they were (dashed grey boxes). Below the third tier only the direct ancestors to the focal GO terms are shown.


Table S7: Summary of comparisons between childless and not childless genes. Numbers in parentheses are FDR-corrected.

	A) Site model (positive selection)

	
	
	
	
	
	

	
	
	Total number of genes
	Total significant results
	Proportion significant results
	Fisher's exact test, p

	Brain development
	Childless
	151
	37 (24)
	0.245 (0.159)
	0.572 (0.591)

	
	Not childless
	421
	93 (59)
	0.221 (0.140)
	

	
	
	
	
	
	

	Forebrain development
	Childless
	51
	6 (6)
	0.118 (0.118)
	0.311 (0.823)

	
	Not childless
	238
	45 (33)
	0.189 (0.139)
	

	
	
	
	
	
	

	Hindbrain development
	Childless
	14
	2 (2)
	0.143 (0.143)
	1.000 (1.000)

	
	Not childless
	84
	17 (13)
	0.202 (0.155)
	

	
	
	
	
	
	

	B) Branch model (hominoid acceleration)

	
	
	
	
	
	

	
	
	Total number of genes
	Total significant results
	Proportion significant results
	Fisher's exact test

	Brain development
	Childless
	151
	20 (9)
	0.132 (0.060)
	0.364 (0.138)

	
	Not childless
	421
	71 (43)
	0.169 (0.102)
	

	
	
	
	
	
	

	Forebrain development
	Childless
	51
	11 (6)
	0.216 (0.118)
	0.700 (0.823)

	
	Not childless
	238
	46 (33)
	0.193 (0.139)
	

	
	
	
	
	
	

	Hindbrain development
	Childless
	14
	1 (0)
	0.071 (0.000)
	0.181 (0.204)

	
	Not childless
	84
	21 (13)
	0.25 (0.155)
	

	
	
	
	
	
	

	B) Branch-site model (positive selection in hominoids)

	
	
	
	
	
	

	
	
	Total number of genes
	Total significant results
	Proportion significant results
	Fisher's exact test

	Brain development
	Childless
	151
	30 (26)
	0.199 (0.172)
	1.000 (0.899)

	
	Not childless
	421
	84 (70)
	0.200 (0.166)
	

	
	
	
	
	
	

	Forebrain development
	Childless
	51
	9 (9)
	0.176 (0.176)
	0.847 (0.839)

	
	Not childless
	238
	46 (40)
	0.193 (0.168)
	

	
	
	
	
	
	

	Hindbrain development
	Childless
	14
	1 (1)
	0.071 (0.071)
	0.290 (0.455)

	
	Not childless
	84
	20 (17)
	0.238 (0.202)
	


Table S8: Summary of gene-phenotype association tests. Numbers in parentheses are FDR-corrected.

	A) dN/dS ~ cerebellum+neocortex
	

	
	
	Cerebellum
	Neocortex
	
	

	
	
	Total significant results
	Proportion significant results
	Total significant results
	Proportion significant results
	
	

	
	
	
	
	
	
	
	

	Brain development
	Childless
	18 (0)
	0.024 (0.000)
	10 (1)
	0.066 (0.007)
	
	

	
	Not childless
	10 (0)
	0.119 (0.000)
	30 (0)
	0.071 (0.000)
	
	

	
	
	
	
	
	
	
	

	Forebrain development
	Childless
	5 (0)
	0.098 (0.000)
	4 (0)
	0.078 (0.000)
	
	

	
	Not childless
	24 (0)
	0.101 (0.000)
	13 (0)
	0.055 (0.000)
	
	

	
	
	
	
	
	
	
	

	Hindbrain development
	Childless
	1 (0)
	0.067 (0.000)
	4 (1)
	0.267 (0.067)
	
	

	
	Not childless
	13  (5)
	0.155 (0.060)
	8 (0)
	0.095 (0.000)
	
	

	
	
	
	
	
	
	
	

	B) dN/dS ~ cerebellum+neocortex+rest-of-brain
	

	
	
	Cerebellum
	Neocortex
	Rest-of-brain

	
	
	Total significant results
	Proportion significant results
	Total significant results
	Proportion significant results
	Total significant results
	Proportion significant results

	Brain development
	Childless
	18 (0)
	0.118 (0.000)
	10 (0)
	0.066 (0.000)
	21 (1)
	0.138 (0.007)

	
	Not childless
	53 (0)
	0.126 (0.000)
	28 (0)
	0.067 (0.000)
	67 (1)
	0.159 (0.002)

	
	
	
	
	
	
	
	

	Forebrain development
	Childless
	7 (0)
	0.137 (0.000)
	3 (0)
	0.059 (0.000)
	8 (0)
	0.157 (0.000)

	
	Not childless
	24 (0)
	0.101 (0.000)
	12 (0)
	0.050 (0.000)
	42 (0)
	0.176 (0.000)

	
	
	
	
	
	
	
	

	Hindbrain development
	Childless
	1 (0)
	0.071 (0.000)
	3 (0)
	0.214 (0.000)
	1 (0)
	0.071 (0.000)

	
	Not childless
	15 (1)
	0.176 (0.012)
	7 (0)
	0.082 (0.000)
	16 (2)
	0.188 (0.024)





Table S9: Key results for 3 genes of interest: RERE, SEC24B and HAP1.

	A) Site model (positive selection)
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	Likelihood
	
	
	
	
	
	
	
	

	
	Null
	Expt.
	Likelihood Ratio
	p
	
	
	
	
	
	

	RERE
	-2400.196
	-2406.726
	13.059
	<0.001
	
	
	
	
	
	

	SEC24B
	-5562.680
	-5567.827
	10.294
	<0.001
	
	
	
	
	
	

	HAP1
	-255.333
	-254.980
	-0.706
	1.000
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	B) Branch model (hominoid acceleration)
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	Likelihood
	
	
	dN/dS
	
	
	
	

	
	Null
	Expt.
	Likelihood Ratio
	p
	Hominoids
	Other anthropoids
	
	
	
	

	RERE
	-2431.632
	-2423.854
	15.557
	<0.001
	0.212
	0.023
	
	
	
	

	SEC24B
	-5593.119
	-5590.700
	4.837
	0.028
	0.298
	0.161
	
	
	
	

	HAP1
	-265.580
	-260.712
	9.736
	0.002
	0.399
	0.005
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	C) Gene-phenotype associations (~cerebellum+neocortex)
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	cerebellum
	neocortex
	
	
	
	

	
	β
	t7
	p
	β
	t7
	p
	R2
	
	
	

	RERE
	16.828
	4.848
	0.001
	-16.505
	-5.049
	1
	0.702
	
	
	

	SEC24B
	1.250
	4.677
	0.001
	-0.995
	-3.949
	1
	0.761
	
	
	

	HAP1
	5.669
	4.356
	0.002
	-4.919
	-4.013
	1
	0.659
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	D) Gene-phenotype associations (~cerebellum+neocortex+rest-of-brain)
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	cerebellum
	neocortex
	rest-of-brain
	
	

	
	β
	t5
	p
	β
	t5
	p
	β
	t5
	p
	R2

	RERE
	16.447
	5.472
	0.001
	-18.085
	-6.150
	1.000
	2.260
	1.933
	0.056
	0.778

	SEC24B
	1.237
	4.741
	0.003
	-1.050
	-4.111
	1.000
	0.079
	0.774
	0.237
	0.774

	HAP1
	5.608
	4.402
	0.004
	-5.169
	-4.147
	1.000
	0.359
	0.724
	0.251
	0.675
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