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1 Permutation procedure for the combined test

Preliminary: define the permutation design

According to the study design, the user can provide constraints on the permutations via control parameters
defined by the function how to be passed to the R function shuffle (permute package). For the ProteoCardis
datasets, no constraints were considered, but for Pigs, classes were permuted while keeping together the
samples from the same animal.

Permutation test p-values

Let n be the number of biological samples in the dataset, and m the number of proteins. Let (a;)j=1,..m
be the number of non-missing intensities among the n samples for each protein j = 1,...,m. After filtering
of proteins with less than 7 non-missing values, a; € {7,...,n} for all j. Then, for each a € {7,...,n},

e Let C, be the set of proteins with a non-missing values.

e For each protein j € C,, classes are permuted repeatedly according to the chosen permutation design,
for repetitions r = 1,..., |[NP™™ /#C, | with |-| the integer part and # the cardinal, and the Fisher
combined statistic S, is computed.

e The vector (S;T)jeca’rzl | Nverm /uc,| Tepresents a sample of the distribution of the test statistic

under the null hypothesis of no class effect, for proteins with a non-missing values.

.....

Then, for each protein j = 1,...,m, the p-value of the combined test is equal to:
[NPET™ [4£Ca, |
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with S7 the Fisher combined statistics of protein j computed with the true classes.

Resampling based FDR
Resampling-based FDR is computed for 100 permutations. For s = 1,...,100,

e (lasses are permuted according to the chosen permutation design.

e The Fisher combined statistic (gj)]
teins.

.m 1s computed, using the same permuted classes for all pro-

.....

e The vector (p;”""");j=1, . m of p-values under the complete null assumptions are computed by equation

(s1) with S; replaced by S 5. Note that the distribution under the null assumption does not require to
be computed again.



Following the procedure by Reiner et al. (2003), new estimates of the p-values are computed assuming that
the marginal distributions under the complete null hypothesis are exchangeable:

m 100
1
FDR _ s
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Finally, FDR adjustment (Benjamini and Hochberg, 1995) is applied to (pJFDR)j:I,‘..,m-

2 Simulation framework

General procedure

e Protein intensities from the data set ProteoCardis-cyto were filtered at threshold 10 (i.e. proteins with
less than 10 non-missing values were removed), resulting in 11,433 proteins and 74% of missing values.
Then the missing values were imputed by kNN, providing a realistic metaproteomic data set.

e Two classes of size 49 and 50 were randomly sampled among the 99 samples.

e 2000 proteins were randomly selected to be different between the two classes. Two types of difference
were considered: (i) Differential intensity, (ii) Differential presence (see details below).

e Two missingness scenarios were considered: (ii) MAR: Missing values were drawn randomly such that
the proportion of missing values on the total data set is equal to the proportion in the original data set
Proteocardis-cyto after filtering at level 10; (i) MNAR: a hard thresholding was applied, with threshold
chosen to have the same proportion of missing values than on ProteoCardis-cyto after filtering at level
10.

e For the 2 x 2 scenarios, proteins with less than 20 non-missing values were removed, then the three
FSMs SVD-Ilmm, single-lmm and the combined test were implemented, and the ROC curves were
computed. Note that KNN-Imm was not considered since it includes the same imputation method
used to generate the data set; Besides, this method has been shown to perform similarly to SVD-lmm.

Generate difference between groups

e Differential intensity. For each of the 2000 proteins, the quantity F'C; /2 was added to the intensities
of samples from one class and substracted to the intensities of samples from the other class. The
fold change F'C; was tuned so that the corresponding p-value of a t-test was approximately equal to
a = 1073, according to the standard deviation o of the intensities of each protein. More precisely, for
a fold-change F'C}, the t-test statistic is equal to

FC; 5FC;

\/03/50 + 07 /49 o

Thus, setting the p-value to « is equivalent to:

S =

1 - Fy(S,df=97)=a = FOj:%Gst(l—a,df:W)

where Fy; and G4 denote the cumulative distribution function and the quantile function of the student
distribution.

e Differential presence. For each of the 2000 proteins, each intensity was set to NA with probability
7 in one class and 1 — 7 in the other class. The parameter 7 was tuned such that the p-value of the
Fisher exact test for the average table:



Present Absent
Class 1 | 507 50 — | 507 |
Class2 | 49 — |497] |497 |

was equal to o = 1073, where [-| denotes the integer part.




3 Supplementary figures and tables

Proteocardis— cyto — 5397 proteins

Proteocardis— env — 3116 proteins

Pigs — 4747 proteins
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Number of non-missing values Number of non-missing values Number of non-missing values
Proteocardis-cyto Proteocardis-env
Combined KNN-lmm Single-lmm SVD-lmm Hurdle | Combined KNN-lmm Single-lmm SVD-lmm Hurdle
q < 0.01 0 2 2 5 0 9 1 1
q < 0.05 6 2 27 3 15 13 5 17 2 29
q<0.1 25 2 67 5 38 55 18 35 4 47
q<0.2 92 5 223 23 125 113 82 80 6 118
Pigs
Combined KNN-lmm  Single-lmm  SVD-lmm Hurdle
q < 0.01 1100 1205 1108 1310 914
q < 0.05 1831 1772 1754 1906 1669
q<0.1 2289 2114 2176 2264 2125
q<0.2 2867 2613 2666 2711 2605

Figure S1: Statistical characteristics of the three data sets ProteoCardis-cyt, Proteocardis-env, Pigs.
Top: frequencies of the number of non-missing values for all proteins after filtering (threshold 20 for Proteo-
Cardis, and 10 for Pigs). Bottom: number of selected variables with the resampling FDR procedure with
100 resampling repetitions, with various values of the FDR threshold values.



10° 10°
L

10°
L

Average observed intensities

°
8
Q

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
sample 6
Sample 7
sample 8

0.2 0.3 0.4
I

0.1

Proba of missingness in replicate

T
10°

Observed intensity (stratified by quantiles)

T
10"

T T
10° 10°

Figure S2: Analysis of replicates - envelope fraction Left: logl0-transformed average intensities of non-
missing observations, as a function of the number of missing values, for all proteins and for each biological
sample. Right: Estimate of the probability that a protein is missing in a technical replicate as a function of
the average of its non-missing values.
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B - Proportion of common selected features

Top 30 Top 100 Top 200
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Combined 0.30 0.33 0.37 0.43 0.50 0.41 0.39 0.56 0.40
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Figure S3: Pairwise agreement between p-values of FSMs for Proteocardis-env. A: Pearson correlation
between log of p-values and Kendall correlation between p-values . B: Proportion of common features among
the top N (N = 30,100, 200) for each pair of FSMs, as a table and a heatmap.




Pearson cor = 0.522 Pearson cor = 0.755
£ £ £
E £ E
1 o 1
z = [a)
Z g >
N4 0 0
Combined Combined
Pearson cor = 0.729 Pearson cor = 0.157
£ £ £
E = =
1 o 1
z = [a}
zZ 2 >
N4 7] %]
mod-Imm mod-Imm
Pearson cor = 0.0161 Pearson cor = 0.971
£
1 o 1
z = [a)
Z g >
N4 7] %]

mod-gimm mod-glmm

-1

5.2002)

Pearson cor = 0.527

Combined

Pearson cor = 0.744
51009

o ©
"% 00%

5000
85 ®
%5@

5.1009

mod-Imm

Pearson cor = 0.00941

51009

mod-gimm

Figure S4: Scatterplots between loglO-transformed p-values of pairs of FSMs for Proteocardis-
env. Row 1: combined test and imputation-based FSMs. Row 2: Generalised mixed model (logistic) on
missingness and imputation-based FSMs; proteins with less than 2 non-missing values are not displayed.
Row 3: Linear mixed model on observed values and imputation-based FSMs. For each pair of testing
procedure, the red rectangle corresponds to proteins with p > 5.1072 with the first procedure and with
p < 5.107* for the second procedure; conversely, the blue rectangle corresponds to proteins with p < 5.1074

with the first procedure and with p > 5.10~2 for the second procedure.
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Figure S5: Sparsity for proteins which are discordant between the combined test and KNN-Imm (first
row) or SVD-lmm (second row), on Pigs. Column 1: scatterplot of loglO-transformed p-values of pairs of
FSMs; the red rectangle corresponds to proteins with p > 5.10~2 with the first procedure and with p < 5.107*
for the second procedure; conversely, the blue rectangle corresponds to proteins with p < 5.107% with the
first procedure and with p > 5.10~2 for the second procedure. Column 2 (resp. 3): Histogram of the number
of observed values by protein, for all proteins in the blue (resp. red) rectangle.

Proteocardis-cyto Proteocardis-env Pigs
top30 topl00 top200 | top30 topl00 top200 | top200 top500 topl000
Combined 0.60 0.69 0.69 0.63 0.68 0.76 0.17 0.17 0.25
KNN-lmm | 0.67 0.63 0.68 0.70 0.76 0.82 0.57 0.57 0.57
SVD-lmm 0.70 0.65 0.69 0.67 0.74 0.80 0.28 0.31 0.34
Single-lmm | 0.60 0.68 0.72 0.60 0.69 0.78 0.60 0.57 0.54

Table S1: Proportion of selected variables with less than half observed intensities, among the top
N variables (between 20 and 50 non-missing values for Proteocardis data sets, and between 10 and 36 for
Pigs).
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Figure S6: Pairwise agreement between p-values from the four FSMs, for filtering threshold of
20, 30, 40 and 50 for Proteocardis-cyto. Each row correspond to a criterion; row 1: Pearson correlation
between log-transformed p-values; rows 2 to 4: proportion of common variables among the top N variables
with N = 30, 100, 200. Each column correspond to a threshold value.
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Figure S7: Pairwise agreement between p-values from the four

FSMs, for filtering threshold of

20, 30, 40 and 50 for Proteocardis-env. Each row correspond to a criterion; row 1: Pearson correlation
between log-transformed p-values; rows 2 to 4: proportion of common variables among the top N variables

with N = 30, 100, 200. Each column correspond to a threshold value.
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Figure S8: Pairwise agreement between p-values from the four FSMs, for filtering threshold of
20 and 30 for Pigs. Each row correspond to a criterion; row 1: Pearson correlation between log-transformed
p-values; rows 2 to 4: proportion of common variables among the top IV variables with N = 200, 500, 1000.
Each column correspond to a threshold value.
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Figure S9: Single value imputation. Distribution of observed log-transformed intensities (blue) and
imputed value (red) with single value imputation.

FS combined test FS KNN-Imm FS SVD-lmm FS single-lmm | FS hurdle test

Top 30 RF 0.771(0.021) 0.758(0.025) 0.719(0.017) 0.748(0.022) 0.767(0.017)
SVM 0.748(0.025) 0.616(0) 0.668(0.0032)  0.734(0.0096) | 0.774(0.013)

Top 100 | RF 0.769(0.024) 0.761(0.013) 0.736(0.015) 0.741(0.017) 0.756(0.008)
SVM 0.772(0.012) 0.73(0.022) 0.707(0) 0.741(0.013) 0.708(0.0032)

Top 200 | RF 0.738(0.015) 0.737(0.017)  0.735(0.0093)  0.733(0.013) 0.744(0.015)
SVM 0.744(0.012) 0.701(0.019) 0.681(0.019)  0.699(0.0064) | 0.678(0.0032)

Table S2: Prediction accuracy for two classification procedures on Proteocardis-env. The selection of the
top N variables (IV = 30, 100,200) was followed by SVM or RF. Accuracy was computed in a 10-fold cross
validation loop, repeated 10 times. Each cell provides the average accuracy (standard deviation of accuracy)
computed over the 10 repetitions of the cross-validation. Bold numbers correspond to the highest accuracy
among the four FSMs
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Figure S10: LoglO-transformed p-values as a function of sparsity. The x-axis corresponds to the
number of missing values among the 99 samples for ProteoCardis data sets, and among the 72 samples for

Pigs.
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Figure S11: Replicability of variable selection on independent subsets. Pearson correlation between
log-transformed p-values, Kendall correlation between p-values and proportion of common variables among
the top IV for 100 splitting of samples into two subsets. Dataset: Proteocardis-env.
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Figure S12: Replicability of variable selection on independent subsets for the hurdle test and
the combined test. Boxplot of the Cohen’s kappa (left), the log-transformed p-value of Fisher test (center)
and the statistic of the x? contingency table test (right), for selection of the top N features, performed on
100 splitting of the samples into two subsets. Black and red boxlots correspond to feature selection with the
combined and the hurdle test respectively. Dataset: ProteoCardis-env
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