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Supplementary Figure 1: EMPReSSlim Pipeline. EMPReSSslim comprises two phenotyp-
ing pipelines, covering a diverse set of biological and disease areas as indicated. In total
20 phenotyping tests are incorporated in the two pipelines. Note that a minimum cohort of
7 males and 7 females enters each pipeline.
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Supplementary Figure 3: Precision of variance component estimates. The precision
of variance-component estimates (i.e. width of 95% posterior credible interval) is plotted
against the number of baseline days upon which estimation is based. Each point corre-
sponds to a dataset for a particular centre-parameter combination. Smoothing splines
were fitted to the data and are superimposed.
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Comparison of reference lines across centres For each line (one line plotted per page), centre-

A “*" indicates a significant phenotype in the correspondingly coloured centre. Above each significant

specific genotype effect estimates and 95% credible intervals are shown. A “Q” indicates significant heterogeneity across centres

(see main text for details).
phenotype, the number of mutant animals phenotyped in each centre is shown in the corresponding colour.
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Supplementary Figure 5: Pairwise comparison of reference-line effect estimates across
centres. Each point in the plot compares estimated genotype effects across a pair of
centres for a reference line phenotyped at both centres. Points are colored according to
whether the line was annotated in neither, one, or both of the centres (see legend).
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Supplementary Figure 6: Hit rates stratified by procedure and centre. Hit rates stratified
by procedure and centre. For each procedure, the proportion of tests (line-parameter com-
binations) resulting in annotations is indicated by a horizontal black line; centre-specific hit
rates are denoted by points, with error bars providing 95% Cls. A “*” denotes procedures
with significant inter-centre discordance controlling FDR < 0.05.
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Il Supplementary Tables

Lines (number and proportion) Hit rates
Num. Prop.
Non- Num. Non- Non-

Centre EUCOMM EUCOMM EUCOMM [EUCOMM EUCOMM All

HMGU 20 81 0.25 0.07 0.04 0.05
MRC Harwell 43 98 0.44 0.12 0.06 0.08
WTSI 24 47 0.51 0.16 0.06 0.09

ICS 28 108 0.26 0.03 0.03 0.03

Supplementary Table 1: Lines and annotation rates at each centre, stratified by non-
EUCOMM / EUCOMM.
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Il Supplementary Note

I1l.1 Statistical Methods
I11.1.1 Analysis of quantitative phenotypes

A transformation was applied to each quantitative phenotype separately, and to data from
across all phenotyping centres at once. For any quantitative phenotype with some obser-
vations < 0, a constant was added to all observations prior to transformation in order to
satisfy: min(y) = (max(y)—min(y))/100. Phenotypes were then Box-Cox transformed with
the exponent A constrained to be in A € {—2,—1.5,...,1.5,2} and chosen to maximise
the likelihood with respect to A under an ordinary Gaussian linear model applied to data
from baseline animals with sex and day as covariates. After Box-Cox transformation, each
phenotype’s data were scaled to zero mean and unit standard deviation.

Transformed quantitative phenotypes were then analysed under a Gaussian-response Bayesian
multilevel model with day (a9@Y), litter (alitter), genotype (89€N0), sex (BS€X), strain
(8Strainy) investigator (81NV) and metadata group (8M€t2) as covariates, and with a penal-
ized spline to account for systematic temporal trends in baseline animal measurements.
The penalized spline was fitted as described in chapter 16 of [1], with the pure cubic polyno-
mial component having coefficients Bpoly, and the full cubic spline’s basis functions having

spl

coefficients a, " which were regularised via a hierarchical model with variance component

épl Day and litter effects were modelled hierarchically with variance components Uéay
and ohtte The residual variance is denoted by O?esid' For any particular mutant line the

analysis was restricted to data from that line along with data from all baseline animals at
the same centre. The model was:

Yo ~ ('u" reS|d)

K+3
da S |
o= oy oyl YA fie(tarn) +
k=1
geno | ssex , gstrain  ginv meta ol
Bg[i] + BS[[] Bj[l] BV[(] m[l] + Z Bp ytd[l]
day - 3
Ioday N(O Uday) ford=1,...,D
Iltter B
% ! Ulltter ~ (0 olltter) fori=1,...,L
spI _
Iaspl N(O Uspl),fork_l,...,K

where g indexes genotype, s sex, j strain, v investigator, and m metadata group; ty is the
time point corresponding to the dth day. The functions fx(-) denote basis functions of a
B-spline basis for a cubic spline with knots at regularly spaced quantiles of the empirical
distribution of days, and the number of knots, K, rounded down from the number of unique
days divided by 10.

Non-informative priors were specified for 8 and 02 within the conjugate prior families avail-
able in the software package used (MCMCglmm [2, 3]). The location parameters 8 were
allocated independent Normal(mean = 0, variance = 100) priors.] The variance parame-

IThe variance (= 100) of the diffuse Normal prior on the location parameters was chosen to allow large param-
eter values in the context of the data having been scaled to unit standard deviation prior to analysis (as here).
The posterior is insensitive to the particular choice of large variance, provided it is large enough (e.g. varying the
parameter from 100 to 10000 would lead to a similar posterior).
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ters 02 were allocated independent Inverse-gamma(shape = 0.01, rate = 0.01) priors.?

For computational speed when fitting the model to multiple permuted data sets, a two-
stage model fitting procedure was implemented (Appendix A).

I11.1.2 Analysis of categorical phenotypes

Categorical phenotypes, including those with more than two levels, were dichotomized
into reference3 (y; = 0) and non-reference categories (y; = 1) and were analysed under
a multilevel over-dispersed logistic regression model with parameters for litter (alitter)'
genotype (B9€N0), sex (BSEX), strain (BStrAIN), investigator (B'"V) and metadata group

('Bmeta). Litter effects were modelled hierarchically with variance component alzitter' The

inclusion of residuals, denoted by aI‘ESId, provide an overdispersed logistic model that is
the default in the software package used (MCMCglmm [2, 3]). For any particular mutant
line, the following model was fitted only to data from that mutant line along with data from
all baseline animals phenotyped in the same centre:

— _ +—1( litter resid geno sex strain inv meta
Pr(yi=1) = logit (Of,[,-] + +Bgrn Ry tRT Ayt B )

litter | 52 - 2 =
a lolitter N(O, Ulitter)’ forl=1,...,L

aesid o N, 1)

L

The location parameters 8 were allocated weakly informative, independent Normal(0, 25)
priors, motivated by the considerations outlined in [5] and its references.* The litter vari-
ance parameter aﬁtter' modelling covariance between binary observations within a litter,
was allocated an Inverse-gamma(0.8, 0.04) empirical Bayes-type prior.> For computational

speed when fitting the model to multiple permuted data sets, a two-stage model fitting
procedure was implemented (Appendix A).

I11.1.3 Control of the false discovery rate (FDR)

To quantify the evidence in favour of a non-zero genotype effect for any particular (centre,
phenotype, mutant line) combination, we used the following posterior summary statistic:

T:=2xmin{Pr(B9¢"% < 0|y), Pr(B9°"° >0|y)} . (1)

2A non-informative Inverse-gammal(e, €) prior with small € is a common but pragmatic choice for variance
components, and we were guided by what was available in the software package used. It is known that there can
be a degree of posterior sensitivity to the particular choice of € (e.g. as € varies from 0.01 to 0.001) [4]. In future
methods development we would prefer a non-informative half-Cauchy prior as suggested by [4].

3The one or more categories pooled into a particular reference class represent the typical characteristics of
baseline animals, and were selected through discussion with domain experts.

4In [5], a Cauchy distribution with scale parameter 2.5 was suggested as a weakly informative default prior
for the logistic model, with its relevant properties being that it “gives preference to values less than 5, with the
Cauchy allowing the occasional possibility of very large values.” Our choice of prior was restricted to be Gaussian
in the software used, so we approximated the distribution suggested in [5] by selecting a Normal(0, variance =
25), i.e. with scale parameter 5, which places 68% of mass within the interval [—5, 5] while admitting very large
(up to about 15) absolute values on log odds scale.

5The rationale for this empirical-Bayes prior is to share information across phenotypes and centres on the litter
covariance effect. The prior will have largest effect on the posterior, and corresponding benefit to inference
relative to a non-informative prior, at phenotypes where very little information about the litter covariance effect
is available, e.g. when most or all of the observations on baseline animals fall into the same category. The
hyperparameters (shape = 0.8, rate = 0.04) were selected by maximum likelihood so that the empirical-Bayes
prior matched the empirical distribution of estimates of Ulzitter from across all centres and parameters obtained

under a non-informative Inverse-gamma(0.01, 0.01) prior.
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Each (centre, phenotype, mutant line) combination was annotated if

T(cen,phen,line) < T(cen,phen) - (2)
The (centre, phenotype)-specific threshold T(cen,phen) Was selected to control the FDR.

The FDR was estimated by permutations in which, for each (centre, phenotype, mutant
line) combination, P = 10 negative-control instances of the mutant line’'s data were gen-
erated by randomly relabelling baseline data from the same centre. Multiple sets of 10
permutations were used to estimate the FDR; e.g. (centre, phenotype)-specific FDR was
estimated, as described in (3) below, using permutations generated from all genes - 10
per gene - at that (centre, phenotype), so that the median number of permutations con-
tributing to a (centre, phenotype) FDR estimate was 920 (interquartile range 650-1400).

The permutation approach was designed to mimic relevant characteristics of the mutant’s

data structure in the relabelled baseline data, and is described in Appendix B.

With the mth permutation for a (centre, phenotype, mutant line) combination yielding
(m) X the FDR at a particular (centre, phenotype) combination was estimated

T(cen,phen,line
as

Estimated number of false annotations

FDR
(cen,phen) Number of annotations

. 1yP (m)
2line Ezn=1I[T(cen,phen,line) = T(Ce”'phen)] (3)

ZIineI[T(cen,phen,Iine) < T(cen,phen)]

with F/D\R(cen,phen) defined to be zero when the denominator was zero, and where I[-]

denotes the indicator function. The global FDR across all centres and phenotypes was
estimated similarly as

(m)
— 2cen then Zline%ZPﬂI[T i < T(cen.phen)]
FDR = s (cen,phen,line) @)

2icen then ZlineI[T(cen,phen,line) < T(cen,phen)]

Initially a single threshold Tmax = 10™* was found that controlled the global FDR at 5%,
i.e. such that, in (4), FDR < 0.05 when all T(cen,phen) = Tmax- The (centre, phenotype)-

specific thresholds were then chosen to control each ﬁ(cen,phen) < 0.05, under the

constraint that the (centre, phenotype)-specific thresholds must be at least as stringent as
the global threshold, i.e. T(cen,phen) < Tmax-°

I11.1.4 Power and experimental design

Power calculations were performed to investigate and compare various designs for phe-
notyping pipelines. Design variables included: the number of litters of each mutant line
phenotyped, whether litters were split across days, whether baseline animals accompa-
nied mutant animals (i.e. were phenotyped on the same day) and how many baseline
litters were phenotyped per day. Realistic correlation structure was introduced into the
model using the estimated proportions of variance attributed to day, litter and residual
components, averaged across phenotypes measured within a particular procedure; e.g. for

5The estimators F/D\R(cen,phen) can be imprecise, and so the constraint T(cen phen) £ Tmax Was enforced

for all (centre, phenotype) combinations to protect against choice of unsuitably large (i.e. not stringent enough)
thresholds in instances of underestimation of the true FDR.
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Calorimetry the average estimated variance proportions were vggy = 0.21, V|jtter = 0.08
and Vyggig =0.71.

Inference for power calculations was performed under a frequentist linear model with cor-
relation matrix for the residuals (generalized least squares), R, specified from estimated
variance proportions Vqyay, Vijtter and Vresijq:

y ~ N(XB9°"°,Ro?)
— T . T . .
R = Zdayzdadeay+ZI|tterZ|itterVI|tter+IVreS|d

where the Z are design matrices relating y to day and litter, and X relates y to geno-
type. Detectable effect size was determined based on the test of the null hypothesis of
no genotypic effect using the standard t-statistic under its asymptotic Gaussian distribu-
tion’ at a significance level of 10~/ and with power 80%. A significance level of 107 was
found to control the global FDR at 5% in a permutation analysis of the EUMODIC data,
performed as described in section “Control of the false discovery rate (FDR)” above, but
with T(cen,phen,line) and T(cen,phen) NOW corresponding to p-value and significance level
respectively under a frequentist linear mixed-effects model (with day and litter as random
effects and genotype, sex, strain, and metadata group as fixed effects). Detectable stan-
dardized effect size is presented, i.e.

geno _geno
'Bmut _'Bbas

o

The experimental design and analysis for the EUMODIC project had the following properties
(note that both sexes are included in the numbers below):

1. 68% of mutant lines were phenotyped across more than one day;
2. 71% of mutant days were accompanied by baseline animals;

3. all centre-specific baseline data were included in the analysis;
4

. the average numbers of mutant and baseline animals per litter were 2.5 and 2.7
respectively (we use 2 as the default in the power calculation, as described below);

5. the average number of mutant animals of each line was 16.4 (we use 14 [7 litters of
size 2] for the default, described below);

6. the average numbers of mutant and baseline animals phenotyped per day were 7.1
and 5.7 respectively (we use 4 per day as the default for the power calculations,
described below [2 litters of size 2 per day]);

7. On average, mutant lines were compared to 119 days’ worth of baseline animals, and
97% of mutant lines were compared to at least 50 days worth.

The values of the experimental design and analytical variables used in power calculations
are listed below; note that the underlined choices indicate those values representative of
the typical design and analysis used in the EUMODIC project and which were just described
above.8

1. Whether all mutant litters are phenotyped on a single day, or each on a different day
e Single day

"This is a reasonable approximation as the combined baseline/mutant sample sizes are sufficiently high; in
particular there are always at least 54 animals in the power calculations performed

8The underlined choices do not completely coincide with the most powerful design considered in the power
calculations: the design with mutants accompanied on a single day was marginally more powerful than the
design having mutants accompanied on multiple days, though the latter design has other advantages, such as
being relatively robust to an unplanned absence of accompanying controls.
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e Multiple days, with two mutant litters per day

2. Whether mutants are accompanied (i.e. whether baseline animals are phenotyped on
the same day(s))

e Accompanied
e Not accompanied
3. Whether all baseline data are analysed

e Include all baseline data in analysis

e Include just accompanying baseline data
Number of animals in a litter € {2}
Number of mutant litters phenotyped € {2, 3,4,5,6,7,8,9,10,11,12}
Number of baseline litters per day € {1, 2, 3}
Total number of baseline days € {50, 100, 200}

Noe u ok

111.1.5 Appendix A - Model fitting

Evaluating the posterior for the mutant genotype effect proceeded in two stages. In the
first stage, thinned samples, e(blz;s""’eE)Ka)s' were drawn from the posterior distribution
P(Bpas | ¥Ypas) using MCMC as implemented in the R package MCMCglmm [2, 3], where

Opas denotes all B and o parameters in the (quantitative or categorical) model apart from

the mutant genotype parameter, i.e. Op,c = {B, 0} \ﬁ?neunto-

In the second stage, performed separately for each mutant line, the marginal posterior
for the mutant genotype effect, Oyt = Bgeno geno’ conditional on baseline and that

mut ~ Pbas . o _
mutant’s data, p(@mut | ¥pas: Ymut). was evaluated via numerical integration methods,

as follows. By Bayes’ theorem,

P(@mut | Ymut: ¥Ybas) < PWmut | @mut: ¥Ybas)P(@mut | ¥bas)
= pP(Ymut ! @mut: ¥bas)P(@mut) - (5)

where (5) used Oyt AL Ypas.2 The first term in (5) was estimated by Monte Carlo integra-
tion using the draws from the posterior p(@p5s | Ypas) Obtained in stage one:
PWYmut | 8mut- Ybas) = JP(}'mut | ®mut- Ybas: @bas)P(Bpas | émut- Ybas) 4€pas

_ JP(}'mutf Ybas | Omut: Obas)
PYpas | @mut- Opas)

P(@pas | Ybas) 40pas (6)

4

(k)
1 & p(Ymut ¥Ybas | Omut- 0,3¢)
= (7)
K k=1

Kk

p(.Vbas | OE);S)
where (6) used Op55 1L Oyt | Ypas: and (7) used ypas L Omut | @pas- In the categorical
model, evaluating the numerator and denominator in the summand of (7) required numer-
ical integration, performed using Gauss-Hermite quadrature, to marginalise with respect
to the random effects, a9 and/or alitter 10 Finally, (7) was substituted in (5) and the

9We use the notation x 1L y | z to denote conditional independence of x and y given z.

OFor the quantitative response model, the spline random effects were included in Opgg, i.€. Opgg =

{B,0,aP'}\pp1°.
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posterior’s normalising constant calculated via integration with respect to 8y,t using the
trapezoidal rule.

Numerical integration for logistic-response model: without a day effect in the categorical
model, ymyt and ypag are conditionally independent given (6myt. e(be)ls) so the formula
in (7) can be expressed as

1 i P(Ymut ¥Ybas | Omut- bas) 1 i P(Ymut- | @mut. bas)p(ybas I Gbas)
= P(Ybas | B ) = P(Ypas | Bpac)
1 K
= E Z P(Ymut | @mut. ebas)
and
PWYmut- | Omut- e(ba)us) = ffp(ymut | Omut, e(k) alitter, aresid)p(alitter, aresid | a(k))dalitter daresid
= HJ[ ng (O{Iltter re5|d) p(are5|d |U$;)Sld)dare5|d p(a}itterlol(ilfc)ter)do{litter
where
T (alltter re5|d) = pWmut.s! Omuts ag(;s I|tter re5|d)

exp (XT_p(k) +g9eno a}ltter + alr[e5|d) mut.

mut
geno litter resid)

1+ exp (xup(") +But T+

The integrals were performed using Gauss-Hermite quadrature, e.qg.

© © 1 a?
f_oog(or)p(orIO)dor = f_wg(a)wexp(—ﬁ) da

= J g(aVZUZ)%ﬁexp(—az)da
1 n
= 2 wig(ziv20%),

i=1

14

where the z; and w; are the are the roots and weights of the Hermite polynomial Hn(-).

111.1.6 Appendix B - Permutation scheme

For the purposes of estimating and controlling the false discovery rate among phenotype
calls, baseline data were relabelled to create synthetic null mutant data and analysed sim-
ilarly to the true mutant data. So as to attain accurate FDR estimates, synthetic mutants
were sampled from baseline animals in such a way as to match closely the experimental
design implemented for true mutants. Design variables desirable to match across synthetic
and true mutants included: the number of mutant animals, the number of mutant litters,
the number of days across which phenotyping occurred, whether or not baseline animals
were phenotyped on the same day, and the calendar time points at which phenotyping
occurred.

For each (centre, phenotype, mutant line) combination, several synthetic null mutant data
sets were independently sampled, each matching the design characteristics of that partic-
ular true mutant data set. A mutant data set comprised one or more mutant days, each
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comprising mutant data gathered on a single day. For each mutant day of a true mutant
data set, a baseline day, comprising all baseline data gathered on a single day, was chosen
and relabelled to create a corresponding synthetic null mutant day.

The following notation is used to describe the scheme for sampling baseline days:

dmut : the date of the mutant day (in days since arbitrary reference date)

lmyt : the number of mutant litters phenotyped on the mutant day

Smut : indicator whether mutants were accompanied? (6t = 1) or not (§mpyt = 0)
B : the total number of baseline days
d; : the date of the ith baselineday (i=1,...,B)
l; : number of baseline litters phenotyped on the ith baseline day (i=1,...,B)

gMutants on a particular mutant day were accompanied if baseline animals were also phenotyped on that
date.

The (unnormalized) sampling distribution was:

di—dmut

Pr(select ith baseline day) « t; ( 14

where t,(-) denotes the density function of the Student t; distribution, and I[-] denotes
the indicator function. The t; distribution and scaling in units of 14 days were heuristically
selected with particular attention to the trade-off between close temporal matching and
conditional independence of multiple synthetic data sets.

Once a baseline day had been selected, [t of that day’s litters were relabelled as mutant
litters, and its remaining data were either retained without relabelling if §pyyt = 1, or
were discarded if §phyt = 0. In creating a particular instance of a synthetic mutant data
set comprising multiple mutant days, sampling of baseline days was performed without
replacement.
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