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SUMMARY

Studying thousands of families, we find siblings concordant for autism share more of their parental genomes
than expected by chance, and discordant siblings share less, consistent with a role of transmission in autism
incidence. The excess sharing of the father is highly significant (p value of 0.0014), with less significance for
the mother (p value of 0.31). To compare parental sharing, we adjust for differences in meiotic recombination
to obtain a p value of 0.15 that they are shared equally. These observations are contrary to certain models in
which the mother carries a greater load than the father. Nevertheless, we present models in which greater
sharing of the father is observed even though the mother carries a greater load. More generally, our obser-
vations of sharing establish quantitative constraints that any complete genetic model of autism must satisfy,

and our methods may be applicable to other complex disorders.

INTRODUCTION

The genetic landscape of autism is the best understood of all the
known complex cognitive-behavioral disorders.” Autism is at
least partially genetically determined, as shown by the concor-
dance of dizygotic twins,”* involvement of known causal loci,”
increased incidence of deleterious de novo mutation in affected
individuals,® " and biased transmission of rare and common var-
iants to affecteds.’®?® However, we do not know if de novo mu-
tation and transmission of risk variants provide a sufficient expla-
nation of incidence. What we might be missing from a complete
genetic explanation could be extra-genetic factors. These might
be relevant to other developmental and cognitive disorders.

It is sensible to ask whether any genetic model can fit all the
known quantitative observations. These include the overall
autism incidence, the excess incidence in males, the family
risk rates after one and after two previous affected offspring,
the twin concordance rates, the contribution from transmitted
variants, and the absence of common loci of strong effect. Addi-
tionally, a complete genetic model would include introducing
and eliminating new deleterious variants and stabilizing common
risk variant frequencies. We call this the “stationary” condition.

In 2008, we proposed such a model,”* which we called the
“unified hypothesis” because it incorporated both de novo mu-
tation and transmission genetics, satisfied the stationary condi-
tion, and fitted the known observations very well. In the unified

hypothesis, we proposed that de novo mutation accounts for
much of simplex autism and that, due to the resistance of fe-
males to diagnosis following a genetic insult, many deleterious
mutations could be carried by females and transmitted to the
next generation. This could also explain the high risk of autism
to the third-born sibling of a multiplex family, a rate of nearly
50%,>* confirmed by others.?® In the strong form of this model,
most risk would arise from recent mutation. However, in a less
stringent form, additional risk is also carried by common varia-
tion, making certain individuals more vulnerable. Thus the model
would easily accommodate the observations ascribed to poly-
genic risk."®?° In fact, some parents of simplex families, most
often the mother, transmitted deleterious mutations preferen-
tially to affected children.?’*® However, these parents were
not seen with the frequency needed to explain the incidence of
multiplex families.

We decided to put this model to a rigorous test. We asked
whose genome is shared more in concordant siblings, mother
or father. We reasoned that, if the mothers were typically the car-
riers of strong risk variants, then concordant siblings would share
the haplotype flanking her variant. This might be observable as
increased genomic sharing, more so than in the father. We
judged that the size of the multiplex collections was just suffi-
cient to answer this question. We used the even larger collec-
tions of simplex families to ask the companion question about
decreased genomic sharing in discordant siblings.
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To conduct the analysis, we needed to work out some tech-
nical details and theory. To measure haplotype transmission,
we needed to combine SNP array data and whole-genome
sequencing (WGS). To adjust for the different rates of meiotic
recombination in mothers and fathers, we needed to develop a
method we call “discrete sharing,” which adjusts genomic
sharing. We present here the observations that a complete ge-
netic model for autism must attempt to fit: the total discrete
sharing in concordant and discordant siblings, partitioned into
maternal and paternal components. We provide tools that may
be used to test genetic models and examples of models that
do or do not fit aspects of the observations. Our methods are
general and applicable to modeling other complex disorders.

RESULTS

Experimental design

We examined genome data from three available family collec-
tions: the Simons Simplex Collection (SSC), about 2,000 fam-
ilies; multiplex from the Autism Genetic Repository Exchange
(AGRE), about 800 families; and the SPARK collection, which
included both simplex and multiplex families, about 2,500 and
500 each respectively. The data were high-coverage WGS
from the SSC'"?° and AGRE,'”*® and SNP microarrays for the
SPARK collection.?”?® The set of children from these cohorts
is described in Table S1. To make the genomic data compatible
for all cohorts, we selected the positions of SNP arrays that were
well represented in WGS. We filtered out positions that were
poorly genotyped, violated Hardy-Weinberg equilibrium as-
sumptions, or exhibited wildly distorted allele ratios in popula-
tions, indicative of abnormal copy number or mis-mapping
(see STAR Methods). This resulted in a common set of
~350,000 positions (Table S2). This level of resolution is more
than adequate to resolve the meiotic blocks. The genotypes
for these positions for all individuals are deposited at SFARI
Base (see Data and code availability).

From each family, we chose one pair of concordant siblings
from the multiplex families and one discordant pair from the sim-
plex. When there were more than two affected children, we
chose one sibling pair at random. We determined sibling sharing
at all SNP positions where one parent was heterozygous, and the
other parent was homozygous. For example, if the father is Aa
and mother is AA, then we can infer the “polarity” of the share
for the father at this position: “sharing,” if both sibs are Aa or
both are AA, and “non-sharing” otherwise. We extended this po-
larity determination to blocks of consistent sharing or non-
sharing, spanning all consecutive informative positions for a
given parent. We then computed the length of sharing and
non-sharing blocks over the entire genome.

The expectation from our present knowledge of meiotic
recombination is that sharing and non-sharing would occur in
long chromosomal blocks.”® Overwhelmingly, that is what we
observe (Figure S1, panels A1 and A3). However, in both WGS
and array data types, we do occasionally see single-position
“spikes” in which the polarity of sharing flips, interrupting an
otherwise long block of sharing or non-sharing. These spikes
are far more common in the array data than in WGS (compare
panels A1 for WGS and A3 for SNP arrays in Figure S1). Based
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on an analysis of the spikes, namely their location, recurrence,
and skewed allelic ratio, we decided to scrub the data to elimi-
nate them, as shown in Figure S1, panels A2 and A4 (see
STAR Methods). The distributions of numbers of chromosomal
switches (share to non-share) in WGS and array data, before
and after scrubbing, are shown (Figure S1, panel B); after scrub-
bing, the data from WGS and array are statistically indistinguish-
able. The distributions of the number of switches in fathers and
mothers are statistically very different, as expected due to
increased meiotic recombination in mothers.*®:*°

Even after scrubbing, we occasionally observed anomalous
block sharing patterns: many short meiotic blocks over large
chromosomal regions (Figure S1, panel C). We filtered any family
(N = 67) from our analysis in which a chromosome exceeded 15
switches for mothers or 10 for fathers. On analysis, we found we
could explain the patterns in each anomalous case. Sometimes
there was a failure to transmit a chromosome or a sizable portion
of a chromosome, or transmission of an extra chromosome or a
large part of one. These events were then divisible into the imbal-
anced or balanced progeny, such as that caused in the latter by
uniparental disomy.

After data scrubbing and family filtering, we calculated sharing
over the autosomes of 4,456 discordant pairs (1,921 from SSC
and 2,535 from SPARK simplex families) and 1,269 concordant
pairs (766 from AGRE and 503 from SPARK multiplex families).
We identified the shared or non-shared intervals for each parent
and chromosome and list these intervals in Table S3. We also
calculated the total length of shared or non-shared blocks in
each parent for each chromosome and the total genome
(Table S4). We made a similar table that was not defined by length
but rather by the number of SNP positions shared (Table S5). We
define the proportion of a parent shared as the sum of the lengths
of shared intervals divided by the sum of the lengths of both shared
and non-shared intervals of that parent. In Table 1, the mean pro-
portion of sharing is presented by parent and by concordance over
all cohorts. We calculated similarly over each individual cohort and
also by the genders of the sibling pair (Table S6). We again calcu-
lated proportion based on the sharing or non-sharing of numbers
of SNP positions rather than length (Table S7).

The magnitude and statistical significance of genomic
sharing

We initially consider the statistical evidence for the role of trans-
mission in autism by comparing the sharing in concordant with
discordant siblings from each parent. We obtained distributions
of sharing of maternal and paternal autosomes for concordant
affected siblings from combined multiplex families and did like-
wise for discordant siblings from combined simplex families.
The means and variances of each are shown in Table 1. The dif-
ference between the mean sharing of the paternal genome for
concordant and discordant siblings is 0.0090 (= 0.5059-
0.4969), larger in magnitude but of the same polarity as the differ-
ence for the mothers of 0.0025 (= 0.5013-0.4988). The likelihood
that differences from a random sampling of the fathers could
equal or exceed the observed difference can be obtained by
permuting the discordant-concordant labels. This likelihood is
0.000019. The likelihood for the mothers is 0.15. Similar observa-
tions have already been reported in Risch et al.”"
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Table 1. Parental genome sharing measures

Sibling Number of  Mean Excess t test Permutation 95% Cl for
group pairs sharing (mean-null) Variance SEM two-sided p value two-sided p value Net SCLs the net SCLs
Maternal sharing

Discordant 4,456 0.4988 —0.0012 0.00223 0.0007 0.097 0.097 —0.26 (—0.57, 0.05)
Concordant 1,269 0.5013 0.0013 0.00222 0.0013 0.31 0.31 0.30 (—0.28, 0.87)
Paternal sharing

Discordant 4,456 0.4969 —0.0031 0.00442 0.0010 0.0019 0.0022 —0.35 (—0.56, —0.13)
Concordant 1,269 0.5059 0.0059 0.00437 0.0019 0.0014 0.0014 0.66 (0.26, 1.07)

We show measures of maternal and paternal sharing in the concordant (from AGRE and SPARK) and discordant (from the SSC and SPARK) sibling
pairs, combining the WGS and microarray data types. The first section of the table shows properties of the observed sharing distribution across the
sibling pairs: the number of pairs, the mean sharing, the excess (defined as the difference of the mean and the theoretical null expectation of 0.5); and
the variance in sharing. The second part of the table shows properties of the observed means. The SEM reflects the confidence in the mean sharing
estimate. The table also shows the p values for two statistical tests that compare the observed mean with the theoretical null. The first test is a two-
sided t test, and the second test is a non-parametric permutation test (see “results” and STAR Methods). The final section of the table shows our es-
timates of the net SCLs measure (and the 95% confidence of the net SCLs), which uses the excess in sharing and accounts for the differences in

meiotic recombination between the mothers and fathers.

To consider the evidence for a role for transmission for sepa-
rate cohorts, we initially assumed a null model of 0.5 as the ex-
pected sharing between unascertained siblings and present
the mean excess sharing in Table 1. We observe an increased
sharing of both parents in the siblings concordant for autism
and decreased sharing of both in discordant siblings. We deter-
mined p values two ways: first, we used a t test to compare the
observed mean sharing with the null expectation of 0.5, and,
second, we ran 1 million simulations permuting the underlying
chromosomal sharing data by randomly flipping the polarity of
sharing (see STAR Methods). The two methods yielded virtually
the same p values. If we use SNPs rather than length as the mea-
sure of sharing, we also obtain nearly identical values (Table S7).
When we performed our analysis on individual cohorts or siblings
further partitioned by gender status, we obtained values that are
largely compatible with our aggregate analysis (Table S6;
Figure S2).

The increase of paternal sharing above 0.5 among concordant
siblings (two-sided p value = 0.0019) and the decrease of sharing
below 0.5 among discordant siblings (two-sided p value =
0.0014) are highly significant. Although sharing of the maternal
genome tends in the same direction as the paternal values, the
magnitude is less, and the differences from the null expectation
have little significance. We obtain a two-sided p value of 0.097
for discordant and 0.31 for concordant siblings (Table 1).

Although measures of parental sharing in the unascertained
human population were compatible with sharing of 0.5,°% the
assumption of 0.5 sharing as the proper null might not be correct.
Therefore, given this uncertainty, we consider a range of
possible null expectations. The statistical significances of the
observed sharing proportions are shown in Figure 1 for a range
of possible nulls. We consider various null hypotheses, from
0.496 to 0.508, the range of observed sharing of the simplex to
the multiplex populations. With a range of null expectations
from 0.4987 (arrow D) to 0.5019 (arrow Cg), spanning the theo-
retical null, the p values of the sharing proportions of the father
for discordant or concordant siblings are each below 0.05. There
is no reasonable null at which the sharing of the mother in the
multiplex populations achieves statistical significance. On the

other hand, the sharing proportion of the mother in simplex pop-
ulations becomes significant at a null of 0.5002 (arrow Dm),
above the theoretical null.

The magnitude and statistical significance of

discretized sharing

While the deviation of sharing from the null appears to be greater
for the fathers than for the mothers, we must temper this obser-
vation with the knowledge that the mother has a higher meiotic
recombination rate than the father.?>*° Consequently, the
blocks of sharing from the mother are shorter than from the fa-
ther. Moreover, given the recombination rate, it is not immedi-
ately clear how one can translate excess sharing into numbers
of loci shared. We, therefore, sought to normalize gender differ-
ences in meiotic recombination and to relate this number to the
number of risk alleles shared. We next define “discretized”
sharing and methods to compute it.

We consider that deviation in sharing from the null expectation
might be driven by discrete shared causal loci (SCLs). In this
case, the degree of genomic sharing would be governed not
only by the number of such loci but also by the size of meiotic
blocks. We begin by considering the simplest case, a single
SCL necessary and sufficient for a child to be affected. One
example illustrating an SCL is a single dominant allele carried
by one parent. In this case, concordant affected siblings must
share the allele, and discordant siblings must not. The expected
amount of genomic sharing from the carrier parent will differ from
the null expectation of 0.5. The expected change in sharing due
to one shared SCL is

6 = mean (X; — 0.5) (Equation 1)

where X; is the proportion of genomic sharing for the carrier
parent measured over a simulated population of such families.
The magnitude of 3 depends on the expected size of the shared
inherited block containing the SCL, which depends on the
meiotic recombination rate surrounding that locus. The value
of 3 averaged over all possible loci would reflect the meiotic
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Figure 1. Statistical robustness for different null models

Statistical robustness with regard to the choice of null hypothesis about ex-
pected sharing (uo). The x axis shows a range of expected sharing values, po,
subject to hypothesis testing. The y axis shows two-sided p values of t tests as
a function of po. Accordingly, the p values are equal to 1 at the observed values
of mean sharing, and the 0.95 confidence intervals (Cls) are the sets of ex-
pected sharing values where the tent-like function graphs exceed the 0.05
level (green horizontal line). By definition, a 0.95 Cl contains exactly the values
that could not be rejected by a null hypothesis test at the 0.05 level.
Conversely, the values outside the Cls (hence p values <0.05) are those that
can be rejected. The upper histogram shows the results for paternal sharing.
For the discordant sibling pairs, the significant expected sharing values of
interest are those greater than D, and, for the concordant sibling pairs, they are
those less than Cy,. The interval from D, to C, consists of expected sharing
values that can be rejected for both cohorts and contains the theoretical value
po = 0.5. The lower histogram shows the results for maternal sharing. No
reasonable null results in rejection of the observed maternal sharing by
concordant siblings. For the null expectations po = 0.5003 and greater, the
observed sharing of the mother by discordant siblings becomes significant.

recombination rate of the parent. The higher recombination rate
in mothers results in a smaller 3 than in fathers.

Staying with the simplest case, we estimate d for one shared
SCL as follows. We sample from our data with random polarity
reversal to obtain effectively random chromosomal recombina-
tion patterns, thereby simulating patterns of “sibshares” for
mothers and fathers. We then randomly chose a locus for each
simulated sibshare and partitioned the sibshare patterns into
those concordant and those discordant for sharing at the chosen
locus. By averaging sharing over concordant sibs, we obtained
3 = 0.0089 for fathers and 8 = 0.0045 for mothers. These values
do not depend on the cohort used to generate the random
recombination patterns (Figure S3).

We note the following approximation:

6~2%0° (Equation 2)

where 3 is the change in sharing due to one shared SCL and 62 is
the variance of the genomic sharing for an unascertained popu-
lation. For example, we see that for fathers of simplex 2 x
0.00442 = 0.00884-0.0089, and 2 x 0.00223 = 0.00446-
0.0045 for mothers. This close approximation is not an accident.
We prove in Data S1 that Equation 2 is precise for the simplest
case under two broad conditions: uniform random distribution
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of the location of the SCL, and duality of recombination out-
comes; that is, the transmission of one recombinant pattern is
as likely as the transmission of its complementary haplotype in
the absence of ascertainment. These are precisely the condi-
tions we assume in our simulations.

To explore the more general cases, we simulate combinations
of multiple SCLs, where each SCL can be shared or non-shared.
For example, we simulate sharing a parental genome under the
constraint that two SCLs are shared between the two siblings
while one additional SCL is non-shared, for a net of one SCL.
We consider only constraint patterns where the number of con-
straints is small relative to the number of chromosomes to avoid
substantial distortions due to linkage. In all constraint patterns
we simulated, we see that sharing is nearly linear with the net
number of shared SCLs (defined as the difference in the number
of shared and non-shared SCLs) and with a slope & (Figure S4).
The variance in sharing decreases somewhat with the total num-
ber of constraints, but the effect is minimal (Figure S4). Thus, «
(the net number of SCLs shared per parent) over simulated pop-
ulations with a given constraint pattern can be approximated as

a~ (Y -05/06) (Equation 3)

where Y is the mean genome sharing over the population simu-
lated under the constraint pattern and & is the amount of sharing
change due to one shared SCL. 3 is dependent mainly on the
gender of the parent. As the approximations do not depend on
the specific constraint pattern, it is clear that Equation 3 will
hold for populations with mixed constraint patterns.

It is somewhat of a leap to assert that the approximations of
Equations 2 and 3 hold in a population with an unknown causal
landscape. Nevertheless, we expect that they would be valid
over a large number of genetic models (see section “discus-
sion”) where the total number of specific loci that could signifi-
cantly contribute to risk in any given family is small compared
with the number of chromosomes, and the loci themselves are
broadly distributed over the genome. The virtue of the equations
is that they are simple, normalize the different meiotic recombi-
nation rates of mothers and fathers, and provide some insight
into the number of shared events.

We applied Equation 3 separately to all concordant and all
discordant siblings using & = 0.0089 for fathers and 0.0045 for
mothers to obtain a, the mean number of net SCLs per parent
(Table 1). Using Gaussian or bootstrap analysis, we generate a
distribution of o from the data (Figure 2). We obtain an estimate
of 0.66 net SCLs per concordant sibling pair from fathers (95%
confidence interval [Cl] [0.26, 1.07]) and 0.30 from mothers
(95% CI [-0.28, 0.87]). These data are consistent with more
loci being shared from the fathers’ genomes than the mothers’
(Figure 2). However, given the present size of our concordant
cohort, we cannot state with confidence that the net SCLs
from fathers exceed the net from mothers (p value = 0.15, based
on a one-sided test; see STAR Methods). Combining the net
from mother and father we observe a total net SCLs of 0.66 +
0.30 = 0.96 (95% CI [0.26, 1.66]) per family. Repeating this pro-
cess for discordant sibling pairs (Table 1; Figure 2), we find an es-
timate of —0.35 SCLs per sibling pair from fathers (95% CI
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Figure 2. Confidence of observations by cohort

The top panel shows two approaches to quantify the confidence of the
observed sharing of the paternal and maternal genomes in the concordant and
discordant siblings (see figure legend for color coding). The first approach is to
plot a normal distribution with mean equal to the observed sharing and stan-
dard deviation equal to the standard error of the mean (SEM). The second
approach is to use 1 million bootstrap iterations, where we sample with
replacement from original cohorts to build random cohorts of the same size.
The results of the sharing across the bootstrap iteration cohorts are then
plotted as histograms. The normal approximation and the bootstrap histo-
grams overlap almost perfectly. In the lower panel, we show the confidence of
the estimate of the net SCLs that uses the observed sharing proportions and
accounts for differences in recombination rates of mothers and fathers. The
confidence distributions for the mothers and for the fathers overlap signifi-
cantly more for the net SCLs compared with the distributions for the sharing,
because the former is adjusted by the respective recombination rates.

[-0.56, —0.13]) and —0.26 SCLs from mothers (95% CI [-0.57,
0.05)). Again, the magnitude of the share is greater from the fa-
ther’s genome than the mother’s but of less significance (p
value = 0.33). The total non-shared net SCLs is —0.61 (95% ClI
[-0.98, —0.23)).

Examples

In this section, we explore the interpretation of discrete sharing
by examining simulations of specific models. The models are
specified by the number of loci, their frequency, their risk
weights, and the tolerance for the risk of males and females.
All loci have an allele with a zero and an allele with a nonzero
weight with the frequency given for the nonzero allele. Positive
weights increase the risk for autism, and negative weights
decrease it. Families with affected parents are excluded, as in
the cohorts we observed. The models are all deterministic, addi-
tive, and unidirectional in that excess load greater than threshold
tolerance results in autism. After simulating and pairing unaf-
fected parents, multiple male offspring are generated per family
by independently segregating transmission. We then simulate
ascertainment of simplex and multiplex family quad collections
and collect statistics in Table 2: net SCLs of each parent and
risk to male and female children. In all our models, we sought
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conditions where male incidence was about 1.4% and female
incidence about one-third of that. We describe our software
tool in Supplemental Data 2 and make it available as an open-
source package. Readers can readily reproduce our examples
or explore different models on their own.

One might assume that, given the female protective ef-
fect,®*°° that the mother can carry more risk load than the father,
and consequently that she should be the parent more shared by
concordant siblings. If all the variants confer risk (that is, they
have positive weight) and if they are infrequent, then, indeed,
the mean discrete sharing of the mother will typically exceed
the mean for the father over the entire population of concordant
male siblings. However, perhaps surprisingly, if we allow for
strong protective variants, or allow the risk variants to be better
tolerated in females as homozygous, then we readily find models
in which the mean sharing of the father exceeds sharing of the
mother over the entire population. We illustrate these results
with examples.

Scenarios that favor sharing from the mother

We first consider the stringent version of the unified hypothesis,
where the population carries a large-risk variant tolerated by fe-
males but not by males. In such a case, there would be no
sharing of the father, only of the mother, and girls in multiplex
families would have a very low-risk incidence. That solution is
incompatible with the observations of a higher incidence of
autism in girls from multiplex families, and also, from this report,
that the fathers’ genomes are very significantly shared. So, we
next consider the more plausible case where the large rare risk
variant is easily tolerated by both parents but close to the limit
for the male. Then, given a background of weak risk alleles, the
presence of the large-risk variant can push beyond the thresh-
olds more frequently in males. The background of common
weak risk variants provides a component of multi-genic risk.
The compiled statistics of such a model, example 1, are summa-
rized in Table 2. This model creates an excellent fit to all the
known observations of autism epidemiology, except for one:
the discrete share of the mother greatly exceeds that for the fa-
ther, to an extent statistically inconsistent with the observations
of this paper. The reader can reason for themself, or see example
2, that, as the strength of the rare variant diminishes, the father’s
share approaches the share of the mother but never exceeds it.

Scenarios that favor sharing from the father

We have found two distinct solutions to greater paternal sharing,
even when females have a stronger risk tolerance than males.
The first solution arises when there are strong protective variants
in a population rife with low-risk variants (example 3). In this
model, the ratio of paternal to maternal sharing is 1.33 to 1.18,
or 1.13. The explanation is that, while a mother or father can
equally likely be assigned the protective allele, a father carrying
it can carry more risk variants and still be ascertained as unaf-
fected, thus increasing the likelihood of membership in a multi-
plex cohort, and at the same time increasing the share at this lo-
cus by concordant affected siblings (by avoidance of the
protective variant in the concordant affected). In contrast,
mothers with the protective variant do not carry much more
risk than they could otherwise. The protective variant reduces
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Table 2. Autism risk and sharing under-five genetic models

Model definition All families Multiplex Simplex

Threshold Loci Risk Risk Net SCLs Risk Net SCLs
Model Name Male Female Weight Frequency Number Male Female Male Female Pat.(0.66) Mat. (0.30) Male Female Pat.(—0.35) Mat. (—0.26)
Example 1: strong 9 11 1 0.05 40 0.014 0.004 0.410 0.190 0.309 0.953 0.261 0.098 —0.136 —0.421
rare positive risk 8 0.01 2
Example 2: uniform 8 9 1 0.05 40 0.014 0.004 0.226 0.105 1.034 1.111 0.122 0.047 —0.163 —0.175
rare positive risk
Example 3: protective 18 22 1 0.025 160 0.013 0.004 0.189 0.075 1.33 1.18 0.078 0.027 —0.128 -0.113
variant® 2 0.025 80

—-10 0.01 150

Example 4: 1.2 2 1 0.125 1 0.013 0.004 0.292 0.076 1.000 0.832 0.266 0.074 —0.375 -0.312
homozygous 0.01 0.1 3
effect on sharing 001 04 3
Example 5: complex  10.7 11.24 0.15 0.9 40 0.013 0.004 0.190 0.061 1.49 1.18 0.074 0.023 —0.135 -0.107
frequent risk with _15 0.03 60

protection*

The table shows five example genetic models and the predictions of each model about the risks and the sharing of parental genomes in three types of families. The first column shows the
descriptive name we gave the models, and the following five columns (or the “model definition” section of the table) define the models. All models are defined by a male and a female
threshold for liability and a set of locus classes describing loci with alleles contributing weights to the liability. When an individual’s liability exceeds the individual’s gender threshold,
the individual is considered affected. Each locus class describes a given number (shown in the “number” column) of population biallelic loci with one allele that contributes 0 weight
to the liability and one allele that adds a given nonzero weight (shown in the “weight™’" column) to the liability. The nonzero allele has a population frequency, given in the “frequency”
column. Each model occupies as many rows in the table as the number of its locus classes. For example, the model "example 1: strong rare positive risk" takes two lines because it
has two locus classes, while "example 2: uniform rare positive risk" takes one line because it has one locus class. The first row of each model contains the liability thresholds and all
the model predictions.

We assumed that all the loci were diploid/autosomal and examined pairs of unaffected parents. Each parent’s genotype is generated by randomly sampling two alleles for each locus and
ignoring genotypes with liability larger than the gender-specific threshold. We refer to the set of all such parental pairs as "all families" in the table. We used all possible children for each
parental pair to compute statistics such as the probability for a boy or a girl born in the family to be affected and the probability that an affected boy inherits the nonzero allele in each
parental heterozygous locus. We also examined two subsets of families: multiplex and simplex. The multiplex are families with unaffected parents and two affected male children. The
simplex are families with unaffected parents, one affected, and one unaffected male sibling. The definitions of multiplex and simplex families mimic the ascertainment criteria applied
for our collections of concordant and discordant sibling pairs.

For each of the three family types, we report the average (across all families of the family type) risk for males and females to be affected in the “male” and “female” columns in the three
“risk” sections of the table. For multiplex families, we also report the expected number of net SLCs from the paternal (“pat.” column) and maternal (“mat.” column) genomes between the
two affected male siblings. For the simplex, we add the expected (negative) net SLCs between the affected and unaffected male siblings. For all four net SCLs measures, we show the
observed values in brackets as reported in Table 1.

We computed the predictions for examples 1, 2, and 4 using an exact analytical computation by enumerating all possible family configurations. Examples 3 and 5 (labeled with *) have too
many possible family configurations for the analytical computation, so we used a sampling procedure to compute estimates (see Data S2). We repeated the sampling procedure 10 times,
and, in each run, we sampled 1 million families. The table reports the mean across the 10 runs of each estimated parameter up to the digit that reflects the estimate’s precision. For
example, the reported value of 1.48 means that all the estimates fall in the interval of (1.48-0.05, 1.48 + 0.05) = (1.43, 1.53), and, if the reported value is 0.066, all the estimates are in
the interval (0.066-0.005, 0.066 + 0.005) = (0.061, 0.071).
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the risk to their offspring, making it less likely that these mothers
will be recruited to a multiplex cohort.

The second solution arises when homozygosity of risk alleles
is better tolerated in females, and they are sufficiently frequent
to occur in that configuration. In the simplest possible case, a
single locus with a risk variant is tolerated in the homozygous
state by the mother but not by the father. If males tolerate the
heterozygous locus, sharing will favor the father even though
the mother carries a greater risk load. Autistic male offspring
can come only from parents where the father has one risk variant,
and the mother has either one or two at the locus. In the first
case, both parents have equal sharing by concordant siblings.
In the second case, sharing is only from the father because the
siblings can inherit either of the mother’s two risk alleles. In this
simple model, girls from multiplex families do not have autism
by transmission, and there would be no evidence of multi-genic
contribution. So, to create a more realistic model, we add a
background of low-level risk (example 4). In this particular model,
the ratio of paternal to maternal sharing is 1 to 0.83, or 1.2. To
create a greater variety of solutions with a large multiplicity of
loci and to combine these mechanisms, we show example 5.
The ratio of sharing in the multiplex families is 1.49 to 1.18,
or 1.26.

We note that, in all examples except the first, the total share in
the multiplex is on the order of 2-fold greater than the observed
values, and the risk to the male child in multiplex families is too
low. So, while these models offer solutions to the excess share
of the father compared with the mother, they do not quite fit crit-
ical observations.

DISCUSSION

A complete genetic model for autism would accommodate these
observations: an overall incidence of 1%-2%; a male to female
ratio of about 3:1; strong concordance between monozygotic
twins, on the order of 70% or higher; high sibling rates after
one affected, on the order of 20%; risk to the third-born male af-
ter two prior affected siblings of nearly 50%; contribution of de
novo mutation in at least 20% of cases; multiple causal loci
with no single risk allele accounting for much more than 1% of
cases; and evidence of multi-genic contribution. To this list, we
can now add a mean paternal and maternal discrete sharing
by concordant siblings of about 0.66 (Cl [0.26, 1.07]) and 0.3
(Cl [-0.28, 0.87]), respectively, and about half that amount as
anti-sharing in discordant siblings (—0.35, CI [-0.56, —0.13] for
the paternal and —0.26, Cl [-0.57, 0.05] for the maternal).

Our previous unified hypothesis satisfied every observation in
the above list except that the sharing of the father’s genome in
concordant siblings is not smaller than that of the mother’s.
However, the unified hypothesis predicted that, in multiplex fam-
ilies, mothers would carry recent and penetrant rare risk alleles,
transmitted to their offspring. In the strong form of this hypothe-
sis, unaffected fathers could not carry the variant and would play
no role in transmission. The present work establishes paternal
transmission in the incidence of autism, both in multiplex (p
value = 0.0014) and simplex (p value = 0.0022) families, in conflict
with the strong version of the unified hypothesis. The unified hy-
pothesis has a weaker and more plausible form, in which
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mothers and fathers can both carry strong and rare risk alleles,
but, in the presence of background risk, such as caused by
multi-genic contribution, the mother is the more likely carrier.
This weaker form still predicts greater sharing of the maternal
genome by concordant siblings, as she would often be the
parent to carry a single large-risk variant. We examined such
models, and while we do not provide a mathematical bound on
them, we demonstrate with example 1 how a typical version
would fail.

Not only did we observe significant genome sharing of the fa-
ther by concordant siblings but its significance and magnitude
also exceeded that of the mother. To explore this further, we
needed to adjust genomic sharing for differences in meiotic
recombination rates, higher in mothers than fathers. We first
developed the mathematics for the case in which sharing was
driven by a single discrete loci and then generalized it, showing
by simulation that the formulation is a good approximation for the
net excess of SCL when they number only a few. We call this
discrete sharing, measured in units of net SCLs, and this statistic
allows us to adjust genomic sharing by the meiotic recombina-
tion rate and to compare mothers and fathers on equal footing
(Figure 2). We thus see that there are more net SCLs from the fa-
ther for concordant and discordant children (0.66 and —0.35
SCL) than from the mother (0.30 and —0.26 SCL). The hypothesis
that the discrete sharing of fathers relative to mothers is equal
has a one-sided p value of 0.15.

As this p value is shy of nominal statistical significance, we
could ignore it. Rather, we chose to determine whether
increased discrete sharing of the father is even possible when
the mother has a greater risk tolerance, and we can answer in
the affirmative. In the event of only rare positive risk variants,
we find no plausible models in which the concordant siblings
share more net SCLs from father than mother (see example 2).
However, if we drop that constraint on risk frequency, or
consider negative risk (that is, protective variants), we can
construct examples in which the father is more often shared
than the mother even though she carries more genetic load.
The examples occur either when there are strong protective var-
iants (see example 3) or when the mother is better able to carry
homozygous risk variants than the father (see example 4). Finally,
we present a model with both features that provides an even bet-
ter fit to the sharing ratio (see example 5).

Although these examples demonstrate that an increased
share from the father is possible even though the mother has
more risk tolerance, they do not fit the data for two related pa-
rameters. The total discrete share is too high, by a factor of
two, and the incidence of autism in a male child is too low by a
factor of two when two previous children from the family have
been diagnosed. We have tried strenuously but have not yet
found any solution within the constraints of an additive determin-
istic model that satisfies overall autism incidence, ratio of
maternal to paternal discrete sharing, total discrete sharing,
and risk to the third-born male child in multiplex families. We
cannot yet satisfy all these parameters with additive genetic
models in the absence of strong and rare risk alleles.*® We are
also considering several extensions of these models, including
gender-specific weights and assortative mating. However, iden-
tifying and exploring the complex sub-space of models

Cell Genomics 3, 100319, June 14, 2023 7




https://doi.org/10.1016/j.xgen.2023.100319

Please cite this article in press as: Wroten et al., Sharing parental genomes by siblings concordant or discordant for autism, Cell Genomics (2023),

¢? CellPress

OPEN ACCESS

consistent with all the observations is far from trivial and is the
subject of future investigations.

In the absence of a classical model that fits all the data, or even
in its presence, we should still consider non-classical models that
do. We mention two because they form an important class of test-
able possibilities. First, epigenetic events, akin to an error in
imprinting, might occur early in gametogenesis. For example, if
one allele was incorrectly silenced in the germ cell precursors,
the improperly imprinted allele might be shared or avoided by
concordant siblings. Second, the affected siblings might share
paternal antigens that in themselves do not confer risk but, due
to prior sensitization in a given mother, might cause the fetus to
encounter a maternal immune response; for example, animmuno-
globulin (Ig) G that passes the placental barrier, resulting in a
developmental abnormality. This possibility is consistent with
persistent reports of increased autism incidence given certain
immunological preconditions.®”*' These non-classical mecha-
nisms, if a driving force shaping the phenotypic landscape, would
not be restricted to autism and, therefore, might be observable as
excess paternal share in other disorders of development.

Limitations of the study

We have not yet extended our studies to the role of the X chro-
mosome. We have yet to identify a genetic model consistent
with the major known incidence and sharing parameters of
autism. This work is an ongoing effort, and the hope is that this
publication will motivate others to join the search.

The discretized sharing method we describe is general and re-
quires only array genotyping. It can be applied to other disorders
when a sufficient (on the order of 1,000) number of quad families
are available. However, such large collections are generally not
available.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

SSC whole-genome data An et al.”%; Yoon et al.'” SFARI Base (https:/base.sfari.org/):
ID: SFARI_SSC_WGS_2

AGRE whole-genome data Ruzzo et al.?%; Yoon et al.”’ iHART; http://www.ihart.org

SPARK microarray genotype data SPARK et al.’”; Zhou et al.”® SFARI Base (https://base.sfari.org/):
ID: SFARI_SPARK_WES_1

Genotypes at the selected ~300,000 This paper SFARI Base (https://base.sfari.org/):

positions for the SSC, AGRE, and ID: SFARI_DS229125

SPARK individuals.

Software and algorithms

autopop tool This paper; Zenodo https://doi.org/10.5281/zenodo.7779998;
https://github.com/iossifovlab/autpop

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Ivan lossifov (iossifov@
cshl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All original code is available as an open-source project on GitHub (https://github.com/iossifovlab/autpop). The version that was used
in the preparation of the manuscript has been deposited at Zenodo and is publicly available as of the date of publication (https://doi.
org/10.5281/zenodo.7779998).

We deposited the genotypes for the common set of ~350,000 filtered genomic positions for all individuals in our cohorts as VCF
files at SFARI Base under the dataset id: SFARI_DS229125. Access to this resource is subject to approval by the SFARI.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We started with a set of 2,380 (1,939 quads and 441 trios) families from the Simons Simplex Collection'”*® (SFARI_SSC_WGS_2 at
SFARI Base) and 859 nuclear families from the AGRE collection'”?* of multiplex families with whole genome sequencing data. The
New York Genome Center generated the whole genome sequencing at coverage of >30X. We generated genotypes for the families
using our family-based multinomial genotyper.'* We added 546 multiplex families and 2,576 simplex quad families from the first
release of SPARK?"*® (SFARI_SPARK_WES_1 at SFARI Base) with available microarray data based on a design developed by Re-
generon that comprised ~635,000 probes. We verified that no individuals were included in more than one of these collections.
Table S1 describes the families that entered our analysis pipeline.

METHOD DETAILS

Probe selection

We selected autosomal genomic positions with biallelic SNPs targeted by the Regeneron chip that 1) had both alleles observed in all
four of our cohorts (SSC, AGRE, SPARK QUADS, and SPARK MULTIPLEX); 2) were genotyped in at least 95% of the individuals in
each of the four cohorts; and 3) had no other alleles observed in the whole genome data from SSC and AGRE. We further filtered out
positions that violated Hardy-Weinberg Equilibrium (p value <0.00001) or displayed transmission bias (binomial p value <0.001) in any
of the four cohorts or exhibited abnormal distribution of the alternative allele ratios for the heterozygous genotypes in the WGS data.
We list the 370,000 positions that passed all the filters in Table S2.
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Selection of sibling pairs

We selected one non-monozygotic twin pair from the families of the four cohorts: discordant (one affected and one unaffected) from
the SSC and SPARK QUADS and concordant (two affected children) from AGRE and SPARK MULTIPLEX. Like the SSC trios or the
twin families from AGRE, some of the families did not contribute a pair. We also excluded multi-generation families from AGRE. We
detected the twins as children with 90% identical genotypes in our selected positions. When there were multiple available sibling
pairs from a family, we randomly selected one.

Sharing at informative SNPs

We identified all positions informative for sharing each parent’s genomes for the selected sibling pairs. A position is informative for
sharing a parental genome if that parent has a heterozygous genotype while the other parent has a homozygous genotype at the
position. The two children share the parent’s genome at informative positions if they have identical homozygous or heterozygous
genotypes. They do not share the parental genome if they have different genotypes.

Spikes and spike removal

When positions informative for sharing a parental chromosome for a pair of siblings are placed in genome order, they form consec-
utive large blocks of positions with the same sharing status (either shared or non-shared). But there are occasional positions that
break these blocks (see Figure S1A). We define spikes as informative positions with a different sharing status than their immediate
upstream and downstream informative neighbors. We remove the spikes from the list of informative positions for all chromosomes
and all parents of the selected sibling pairs leading to a substantial decrease in the number of shared and non-shared blocks per
chromosome (see Figures S1A and S1B).

Filtering for chromosomal abnormalities and large copy number variants

After we removed spikes, we filtered out 67 sibling pairs with a maternal chromosome with more than 15 switches (a transition from a
shared to a non-shared block or vice versa) or with a paternal chromosome with more than ten switches. A large number of switches
per chromosome indicates chromosomal abnormalities or large copy number variants (see Figure S1C for an example of trisomy 21).
This is the last filtering step in our pipeline, and it yields 4,456 discordant pairs (1,921 from SSC and 2,535 from SPARK QUADS) and
1,269 concordant pairs (766 from AGRE and 503 from SPARK MULTIPLEX). For these sibling pairs, we recorded the first and the last
positions and the number of informative positions for each shared and non-shared block for both the paternal and maternal genomes
in all 22 autosomes in Table S3.

Measures of sharing

We measure sharing of a parental genome for a pair of siblings in two alternative ways. In the genomic length-based measure
(Table S4), we assign each shared and unshared block a length equal to the genomic size of the blocks, defined as the difference
of the last informative position and the first informative position for each block. In the SNP number-based measure (Table S5), we
assign the length of the block to be equal to the number of informative positions within the block. Once we have set a length value
for each of the blocks, we sum the lengths of all shared blocks and all non-shared blocks for each of the 22 autosomes separately: Sy
and Ny stand for the total length of the shared and not shared blocks, respectively, for chromosome c of parent k in sibling pair /. We
can then compute the sharing proportion (or “sharing” for short) pyy = > .Sk /(3 _cSwkic + > cNkc)- Note that there is a gap between
any pair of neighboring blocks (between the last positions of the first block and the first position of the second block), and sometimes
these gaps are large (e.g. if a centromere falls in one of the gaps). Thus in the genomic-length-based measure, the Sy + Njc is smaller
than the length of chromosome c.

For a set of sibling pairs, we defined our discretized measure of sharing of a parental genome as:

mean(sharing) — 0.5

netSCLs = 2 x var(sharing)

where the mean(sharing) and var(sharing) represent the mean and the variance of the sharing measurements (o) for the parent
across the sibling pairs. The definition of the net SCLs results from the theorem proven in Data S1, which shows that, under the as-
sumptions of uniformity and duality, the expected sharing of a parental genome for siblings forced to share one genomic locus is
equal to 0.5 plus twice the variance in sharing in an unascertained population. Thus, the value of the net SCLs measure is interpret-
able. For example, a net SCLs of zero means the sharing is at the expected level; a net SCLs of one means siblings share more than
expected, and the extra sharing is equal to the sharing in siblings forced to share one locus; and a net SCLs of minus one means
siblings share less than expected, and the decrease in sharing is equal to sharing seen in siblings forced to be different at one locus.
The net SCLs measure also allows us to compare sharing of the paternal and maternal genomes because it accounts for the differ-
ences in maternal and paternal meiotic recombination through variance-based normalization.
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Permutation test comparing two groups of sibling pairs for their mean sharing of a parent

We use label swapping to test if the parental sharing of two separate groups of sibling pairs are significantly different. For example, we
use this permutation test to compare the mean sharing of the paternal genomes in concordant vs. discordant siblings (see “magni-
tude and statistical significance of sharing” in the Results). We use the difference of the mean sharing proportions between the two
groups as a test statistic. We create an empirical null distribution by permuting one million times the label assignment for the sibling
pairs from the two groups, making sure that the sizes of the groups are kept constant, and by recording the difference in means in
every permutation. We can then use the empirical distribution to assign one- or two-sided p values.

Permutation test for comparing the mean sharing of a parent for a group of sibling pairs with the theoretical null
expectation
We designed a permutation method to test if the mean sharing px = 3, pw/|L| of a parent k for a group of sibling pairs L is incom-
patible with the theoretical expectation of 0.5 sharing. We used the mean sharing as a test statistic. We generated an empirical null
distribution by simulating one million chromosome sharing datasets (S}, and N;,.) of the same size as the observed one. To generate
each of the random datasets, we independently flip the observed Sy and Ny lengths (either keep them as observed or exchange
them with probability 0.5) for each chromosome ¢ and each in sibling pair /. For each simulated sharing dataset, we then compute the
mean sharing pj, = 3", P,/ IL| where pl; = >~ Sl /(> cShe +Niy) and use the million pj, as empirical null to assign p value.

Note that the method described above is only applicable for the theoretical null of 0.5 sharing. For tests against different null models
(as done in Figure 1), we use a t-test. T-tests results for the 0.5 null are virtually identical to the permutation method.

Simulation of sharing under constraints

We developed a simulation procedure to estimate the expected sharing for a parent for pairs of siblings that are forced to share a
given number of random loci, U, while at the same time are forced not to share a given number, V, of additional random loci. We as-
sume that the loci are independently and uniformly selected across the genome for each simulated sibling pair. We used this pro-
cedure to estimate 9, that is, the change from the unascertained background sharing to sharing under the constraint of one shared
locus (see results), and evaluate sharing under more general constraints presented in Figure S4. The procedure has two steps: (1)
generating sharing data for a random unascertained population of sibling pairs and (2) selecting (or ascertaining) the sibling pairs
that obey all the requested sharing constraints.

The first step depends on an observed sharing dataset for the given parent, k, for a set of sibling pairs, L, with chromosomal sharing
and non-sharing lengths Sy and Ny.. We simulate sharing data for one million unascertained sibling pairs. To simulate a sibling pair,
we select the sharing data from a random pair, /;, from the observed sharing dataset and randomly flip the pairs of numbers Sy, and
Niic. We then compute the sharing proportion for the generated family pf{. At the second step, the ascertainment, we retain a simu-

lated pair with probability (p;'()u(1 - PL)V, or the probability that all the U random shared loci fall in a shared area while all the V
random non-shared loci fall in a non-shared area of the simulated pair. In the end, we use the retained pﬁ( numbers to estimate
the expected sharing under the given forced constraints (as the mean of the retained p}) and quantify the confidence of the simulated
estimates.

The estimated sharing computed by the procedure is not sensitive to the cohort we use as an observed sharing dataset (Figure S3).
In our experiments, we used all concordant and discordant sibling pairs.

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantitative and statistical analyses are described in the relevant sections of the method details or the table and figure legends.
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