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Text S1: Additional Information Regarding Methods

A. Data Generation and Quality Control

The institutional review board of all participating institutions approved this study and written informed

consent or assent, as appropriate, was obtained from all subjects.

Exome capture and sequencing at Broad was performed as follows. Genomic DNA was sheared to

200-300 bp using a Covaris Acoustic Adaptor. Fragments were end-repaired, dA-tailed, and sequencing

adaptor oligonucleotides ligated using reagents from New England BioLabs. Libraries were barcoded using

the Illumina index read strategy, which uses six-base sequences within the adapter that are sequenced

separately from the genomic DNA insert. The DNA library was subsequently enriched for sequences with

5’ and 3’ adapters by PCR amplification using with primers complementary to the adapter sequences

(ligation-mediated PCR, LM-PCR). Exons were captured using the Agilent 38Mb SureSelect v2. In some

cases, barcoded libraries from 2-4 subjects were mixed prior to hybridization with the capture reagent.

After capture, another round of LM-PCR was performed to generate enough DNA to sequence. Libraries

were sequenced using an IlluminaHiSeq2000.

At Baylor, genomic DNA was sheared into fragments of approximately 120 base pairs with the Covaris

S2 or E210 system. Fragments were processed through DNA End-Repair and A-tailing, and the resulting

fragments were ligated with BCM-HGSC-designed Truncated-TA (TrTA) P1 and TA-P2 adapters with

the NEB Quick Ligation Kit. Solid Phase Reversible Immobilization bead cleanup was used to purify

the adapted fragments, after which nick translation and Ligation-Mediated PCR was performed using

Platinum PCR Supermix HIFi. The pre-capture libraries were hybridized to NimbleGen EZ Exome

v2, VCRome v1, or VCRome v2.1 probes, either in solution or with solid-phase capture chips, and

then amplified. In some cases, barcoded capture libraries were pooled in sets of 4 samples after post-

capture amplification. Libraries were sequenced on the Life Technologies SOLiD platform using both

50bp fragment and 50x35bp paired-end run formats.

At Broad, data was processed with Picard (http://picard.sourceforge.net/), which utilizes base quality-

score recalibration and local realignment at known indels and BWA for mapping reads to hg19. SNVs

were called using GATK [?]. The variable sites that we have considered in analysis are restricted to

those that pass GATK standard filters to eliminate SNVs with strand-bias, low quality for the depth

of sequencing achieved, homopolymer runs, and SNVs near indels. At Baylor, data was processed with
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Picard and reads mapped to hg18 using Bfast [?]. The quality score recalibration and indel realignment

was performed using GATK, followed by single nucleotide variant (SNV) identification using AtlasSNP

2 software [?].

Prior to filtering we compare the minor allele frequency (MAF) of SNVs for Baylor and Broad data

sets (Fig. S6). These two platforms differ in read depth (Fig. S7).

A model for filtering of SNVs was developed to improve the quality of the data and facilitate combining

of data from 2 platforms. The misclassification of a common homozygote as a heterozygote can largely

reduce the power of rare variants association tests [?]. In our data some heterozygous calls were based on

very low and unbalanced depth. Filtering out these low-quality heterozygous calls should improve power.

To create a suitable filter based on the data, we choose the 104 trios from the Broad data set [?].

Prior to filtering we found 2272 potential de novos mutations among 104 trios, but this greatly exceeds

expectation and most of these are false calls. Because low quality parental genotype calls can lead to

false de novo discoveries, we first remove those candidates that are likely due to errors at this level. If

one parent is heterozygous, but his/her genotype call is common homozygous, then a false positive de

novo is created in this position. Therefore, we first use a simple filter to delete the de novo discoveries

likely tracing to low quality homozygous calls in parents, namely that the GQ score must be larger than

30 and the balance must be larger than 95%. By this filter we reduce the number of potential de novos

from 2272 to 522.

Based on a parsimonious filter for complete trios, Neale et al. [?] greatly reduced this list and identified

87 true de novos, which were confirmed by Sanger sequencing. We label the remaining 435 heterozygotes

to be false calls. Now we use the data from the ASD probands of these trios to develop a filter. Here we

used the quality variables available to us (depth, balance and genotype quality (GQ)) to build a prediction

model. Based on this information, and by using classification tree methods we can find a good threshold

to filter the false minor allele calls. The filter selected by 10-fold cross validation keeps minor allele calls

that have depth larger than 17 and balance smaller than 0.66. The misclassification rate is 0.09, but 4

of the 87 validated de novo variants were missed with this stringent filter. A slightly less stringent filter

with depth larger than 10 and balance smaller than 0.75 also gave good classification results, with no

false negatives. Table S2 shows the classification results of the stringent and lenient filter.

We compared the seven common samples processed at both sites using 4 varieties of filters plus 2 very

minimal filters (Table S1). First we identified all non-synonymous rare variants. Applying the stringent
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filter described previously (η > 17 and ξ < .66) to both data sets we found that Baylor had far too few

heterozygous calls and the concordance rate across sites was greatly reduced. This is presumably due to

the lower depth of the Baylor reads overall. Clearly we need to use a less stringent cutoff for depth and

balance if we wish to obtain comparable call rates; however we do not want to do so if it leads to a high

rate of false heterozygous calls in Baylor relative to the filtered Broad calls. We considered 4 filters to

select a cutoff that produced a high concordance rate with a low rate of potential false positives in Baylor

versus Broad. With a Baylor filter of depth > 10 and balance < .85 we achieved this goal, reducing the

mismatch rate to .017% with only 9 heterozygotes called in Baylor, but not in Broad.

B. Mathematical exposition of mega- and meta-analysis

To obtain equation (Eqn. 4), note that

Q =

d∑
j=1

[T′j(y − µ̂)]2 =

d∑
j=1

S2
j ,

where Sj is the score of the jth variant. The j’th score can be expressed as

Sj = T′j(y − µ̂)

= (T1j , ..., Tnj)
′(
∑
k

βkG1k, ...,
∑
k

βkGnk) + (T1j , ..., Tnj)
′(ε1, ..., εn)

=

n∑
i

∑
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βkTijGik +

n∑
1

Tijεi

=

n∑
i

∑
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βkTij(Tik
√

2pk(1− pk)n+ 2pk) +

n∑
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Tijεi.

hence Sj ∼ N(
∑
k

√
2pk(1− pk)nI{j = k}βk, 1).

Under the null hypothesis, βj = 0 for all j, therefore Q ∼ χ2
d, and under the alternative hypothesis,

Q ∼ χ2
d(δ), δ =

∑
k

2pk(1− pk)nβ2
k.

To obtain equation (Eqn. 5), note that the score test statistics can be written as

Q = ỸTKỸ =

d∑
j=1

S2
j ,

where Ỹi = (Yi − µ̂)/
√

(µ̂)(1− µ̂), K = TTT and by assumption E[K] = I. Now consider

Sj =

n∑
i=1

Tij(Yi − µ̂)/
√

(µ̂(1− µ̂).
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Under the null hypothesis,

Yi ∼ Bernoulli(µ̂)

By the Lindeberg central limit theorem (CLT), if Tj is not dominated by a few elements, then
∑
i Tij Ỹi

is approximately independent standard normal distribution. Therefore

Q ∼ χ2
d

Under the alternative hypothesis,

Yi ∼ Bernoulli(µ̃),

where µ̃ = logit−1(α+
∑
k βkGik). By Taylor’s expansion, we have

logit−1(x) =
exp(x)

1 + exp(x)
≈ 1

2
+

1

4
x,

so

µ̃i − µ̂ = logit−1(α+
∑
k

βkGik)− logit−1(α)

≈ 1

2
+

1

4
(α+

∑
k

βkGik)− 1

2
− 1

4
α

=
1

4

∑
k

βkGik.

By Lindeberg CLT the distribution of Sj is:

Sj ∼ N(
∑
k

1

4
I{j = k}

√
2pk(1− pk)nβk, 1),

and therefore Q ∼ χ2
d(δ), where δ = 1

8

∑
k pk(1− pk)nβ2

k.

Next we seek an expression of power of meta- and mega-analysis. For the meta-analysis, we first

calculate the p-value of Q1 and Q2 under the null distribution.

Pr1 = 1− F (Q1), P r2 = 1− F (Q2),

where F is the CDF of χ2
p distribution. Since

Φ−1(Pr1) + Φ−1(Pr2)√
2

∼ N(0, 1) (1)

under the null hypothesis; it can be used as the test statistics of meta-analysis. Since the pdf of χ2
d is

complicated, we use a normal approximation, due to R.A. Fisher:
√

2χ2
d is approximately equivalent to
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N(
√

2d− 1, 1). Therefore Pr1 and Pr2 can be rewritten as

Pr1 = 1− Φ(
√

2Q1 −
√

2d− 1), P r2 = 1− Φ(
√

2Q2 −
√

2d− 1).

So now we have two approximate statistics for meta- and mega-analysis

Meta: Q′t =
√
Q1 +

√
Q2 −

√
4d− 2,

Mega: Q′g =
√

2Qg −
√

2d− 1,

Under α level type I error, the power of meta- and mega-analysis are as followed:

Powert =

∫ ∞
q1−α

fQ′t(x)dx,

Powerg =

∫ ∞
q1−α

fQ′g (x)dx,

where q1−α is the 1− α quantile of normal distribution, and fQ′t , fQ′g are the density of Q′t and Q′g.

Because the pdf of a non-central chi-distribution is very complicated, we apply another approximation

due to [?]:

P (χ2
d(δ) < x) = Φ

 ( x
d+δ )

1
3 − 1 + 2

9 ·
1+b
d+δ√

2
9 ·

1+b
d+δ

 , (2)

where b = δ/(d+ δ).

Let c = δ/d and plug

xt = (qα +
√

4d− 2−√q2)2

xg =
1

2
(qα +

√
2d− 1)2

into (Eqn. S2), where

q2 =

(√
2

9

2c+ 1

(c+ 1)2d
x+ 1− 2

9

2c+ 1

(c+ 1)2d

)3

(c+ 1)d

and x follows standard normal distribution. We obtain the power of meta- and mega-analysis under the

level of α:

Powert = 1−
∫

Φ

 ( xt
(c+1)d )

1
3 − 1 + 2

9 ·
2c+1

(c+1)2d√
2
9 ·

2c+1
(c+1)2d

φ(x)dx, (3)

Powerg = 1− Φ

 (
1
2 (qα+

√
2d−1)2

(2c+1)d )
1
3 − 1 + 2

9 ·
4c+1

(2c+1)2d√
2
9 ·

4c+1
(2c+1)2d

 . (4)

Some insight can be gained by noting that Q′t is well approximated by
√

2(Q1 +Q2)−
√

4d− 1.
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C. Association Analysis.

When merging data files from separate sources a substantial fraction of the observations can be missing

due to the filtering process. However, due to the nature of the test statistic, missing values have a

negligible effect on inference. This can be best explained in the context of the C-alpha test, which is

equivalent to the SKAT test under certain conditions. Recall that if a variant is observed z times in

cases and m − z times in controls, the C-alpha statistic compares the distribution of (z,m − z) to a

binomial distribution with probability of success equal to the fraction of cases in the sample. The test

then accumulates this information across variants in the gene. Missing data would have no effect on

the test statistic provided missingness was equally distributed over cases and controls. In our analysis

missingness varied by site (Baylor and Broad), and by case/control status (Table 3). In practice, SKAT

imputes missing values using single imputation. Because our analysis is restricted to variants with MAF

< .01, this is essentially equivalent to imputing missing values with the reference allele. We compared

results obtained with and without imputation and found this procedure had negligible effect on the

outcome.

Due to inaccuracies in the P-values for genes with very few variants and numerous covariates, we

include only the P-values for the genes that have minor alleles counts (MACs) greater than 4. With this

filter, we have 12,676 genes in Baylor and 13,119 genes in Broad. For those genes clearly not associated

with the phenotype (p-values > .5) we found that SKAT tended to report p-values biased downward

toward .5, causing an apparent, but uninteresting, inflation in the genomic control (GC) inflation factor.

Hence we calculate the GC factor using the third quantile of {F−1(1−p-value)}, where F−1 is the inverse

CDF of χ2
1 distribution, rather than the median. Dividing this quantity by its expectation, which is equal

to 1.32, leads to a more robust, but equivalent measure of the GC factor.

For AASC data analysis, weights are set at
√
ωj = Beta(pj , 1, 25). We use SKAT to calculate the p-

values for Baylor, Broad and the merged data sets. We combine all singleton variants as a super-variant.

For meta-analysis the weighted Z-score method is applied to calculate the combination of two p-values

from Broad and Baylor, and we only report the p-values for the genes with MACs greater than zero in

both Broad and Baylor (15,640 genes).

Although SKAT overcomes the drawbacks of the burden tests, as discussed in [?], it is not as powerful

as the burden tests if all variants have the same association direction. For this reason we also used the



7

burden test. We did not try SKAT-O [?] which automatically finds the most powerful test in a family of

tests ranging from pure-burden to the original SKAT test. Given that we applied both tests to the full

set of genes, but did not find any signals in our data, we do not expect to realize any additional benefit

of SKAT-O in this setting.
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