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Figure S1: Variability in bulk and single-cell RNA-seq data. Mean-difference plots for two samples from the Islam
et al. [2011] scRNA-seq dataset (left panel) and two samples from the Pickrell et al. [2010] bulk RNA-seq dataset
(right panel). A higher variability in the scRNA-seq data is observed as compared to the bulk RNA-seq data.
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Figure S2: BCV plots for conquer datasets. Estimated biological coefficient of variation (BCV) vs. average log
count per million (CPM), computed by edgeR, for conquer scRNA-seq datasets subsampled to n = 10 cells. The
striped patterns reflect genes with many zero counts and high dispersion estimates, distorting the mean-variance
relationship.
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Figure S3: BCV plot for Trapnell dataset. Estimated biological coefficient of variation (BCV) vs. average log count
per million (CPM), computed by edgeR, for the 72h subset of the Trapnell et al. [2013] scRNA-seq dataset, where
colors represent the total number of positive counts across cells. The striped patterns originate from genes with few
positive counts. They are also present in the lower half of the BCV plot, but can only be noticed with the coloring.
The red line indicates the common dispersion estimated with edgeR.
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Figure S4: Zero proportion vs. log library size for conquer datasets. The fraction of zero counts for a cell is
associated with library size, for scRNA-seq datasets downloaded from the conquer repository.
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Figure S5: Zero proportion vs. average log CPM for conquer datasets. The fraction of zero counts for a gene
is associated with its average expression, measured by the average log count per million (CPM), for scRNA-seq
datasets downloaded from the conquer repository.
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Figure S6: ZINB-WaVE posterior probabilities on real Islam and Trapnell scRNA-seq datasets. The histograms
display the ZINB-WaVE estimated posterior probabilities of belonging to the negative binomial count component
for all zeros in the Islam et al. [2011] and Trapnell et al. [2013] datasets. Many zeros are identified as excess zeros
in the Islam dataset, while in the Trapnell dataset a reasonable proportion are estimated to be NB zeros.
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Figure S7: Comparison of DE methods on simulated scRNA-seq datasets. (a) scRNA-seq data simulated from Islam
et al. [2011] dataset (n = 90). (b) scRNA-seq data simulated from Trapnell et al. [2013] dataset (n = 150). As in
Figure 3, DE methods are compared based on scatterplots of the true positive rate (TPR) vs. the false discovery
proportion (FDP). Circles represent working points on a nominal 5% FDR level and are filled if the empirical FDR
(i.e., FDP) is below the nominal FDR. Methods based on ZINB-WaVE weights clearly outperform other methods
for both simulated datasets. Note that the methods differ in performance between datasets, possibly because of a
higher degree of zero inflation in the Islam dataset. The SCDE and metagenomeSeq methods, specifically developed
to deal with excess zeros, are outperformed in both simulations by ZINB-WaVE-based methods and by DESeq2.
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Figure S8: Comparison of DESeq2 variants on simulated scRNA-seq data. (a) scRNA-seq data simulated from
Islam et al. [2011] dataset (n = 90). (b) scRNA-seq data simulated from Trapnell et al. [2013] dataset (n = 150).
Three DESeq2 variants are compared based on scatterplots of the true positive rate (TPR) vs. the false discovery
proportion (FDP). Circles represent working points on a nominal 5% FDR level and are filled if the empirical FDR
(i.e., FDP) is below the nominal FDR. Enabling the imputation step in DESeq2 (method DESeq2 impute) results
in a deterioration of performance on both datasets. Our default DESeq2 analysis (method DESeq2) has shrinkage of
the fold-changes enabled, but disabling this option (method DESeq2 noShrink) does not seem to have a detrimental
effect on performance. Note that the curve for DESeq2 noShrink is superimposed on the curve for DESeq2 due to
approximately identical performance.

9



Figure S9: p-value distributions on simulated Islam scRNA-seq dataset (n = 90). The p-value distributions for
methods based on ZINB-WaVE weights appear uniform for large p-values and enriched for low p-values, as would
be expected from an appropriate statistical inference method on datasets with known effects. metagenomeSeq,
NODES, and ZINB-WaVE-weighted limma-voom have anti-conservative p-value distributions, also evident in the
FDP-TPR curves. SCDE and MAST have conservative p-value distributions.
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Figure S10: p-value distributions on simulated Trapnell scRNA-seq dataset (n = 150). The p-value distributions for
methods based on ZINB-WaVE weights appear uniform for large p-values and enriched for low p-values, as would
be expected from an appropriate statistical inference method on datasets with known effects. metagenomeSeq,
NODES, and ZINB-WaVE-weighted limma-voom have anti-conservative p-value distributions, also evident in the
FDP-TPR curves. SCDE and MAST have conservative p-value distributions.
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Figure S11: Comparison of edgeR and DESeq2 with and without ZINB-WaVE weights on simulated bulk RNA-seq
datasets (n = 10). Bulk RNA-seq data were simulated from the Bottomly et al. [2011] dataset using the simulation
framework of Zhou et al. [2014]. DE methods are compared based on scatterplots of the true positive rate (TPR)
vs. the false discovery proportion (FDP). Circles represent working points on a nominal 5% FDR level and are filled
if the empirical FDR (i.e., FDP) is below the nominal FDR. (a) Zero-inflated bulk RNA-seq dataset, where 5% of
all counts were randomly replaced by zeros. Methods based on ZINB-WaVE weights correctly identify excess zeros,
while standard unweighted bulk RNA-seq tools break down in performance due to overestimation of the dispersion
parameters. (b) Bulk RNA-seq dataset. Methods based on ZINB-WaVE weights have a similar performance to
their unweighted counterparts, highlighting that in the absence of zero inflation, it is not detrimental to use the
ZINB-WaVE weights for differential expression analysis.
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Figure S12: Comparison of DE methods on simulated scRNA-seq datasets. As in Figure 4, DE methods are
compared based on FDP-TPR curves for data simulated from a 10x Genomics PBMC scRNA-seq dataset (n =
1, 200). Circles represent working points on a nominal 5% FDR level and are filled if the empirical FDR (i.e., FDP)
is below the nominal FDR. 10x Genomics sequencing typically involves high-throughput and massive multiplexing,
resulting in very shallow sequencing depths and thus low counts, making it extremely difficult to identify excess
zeros. Unweighted and ZINB-WaVE-weighted edgeR are tied for best performance, followed by ZINB-WaVE-
weighted DESeq2. In general, bulk RNA-seq methods are performing well in this simulation, probably because the
extremely high zero abundance in combination with low counts can be reasonably accommodated by the negative
binomial distribution.
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Figure S13: Differential expression results for Usoskin scRNA-seq dataset. The barplots provide the number of DE
genes for the Usoskin et al. [2014] dataset, based on 7 DE methods comparing each cell type (panels) to all other
cell types combined. The results for SCDE were obtained by assessing the number of genes with |Zadj | ≥ 1.96 (see
supporting information for the original manuscript; http://pklab.med.harvard.edu/scde/sensory.html). All
other methods are evaluated on a 5% nominal FDR level.

14

http://pklab.med.harvard.edu/scde/sensory.html


Figure S14: False positive control on mock null 10x Genomics PBMC datasets (n = 2, 700 cells). (a) Boxplot of
per-comparison error rate (PCER) for 30 mock null datasets for each of seven DE methods; ZINB-WaVE-weighted
methods are highlighted in blue. (b) Histograms of unadjusted p-values for one of the datasets in (a). ZINB-WaVE
was fit with intercept and mock cell type covariate in X, V = 1J , K = 0 for W , common dispersion, and ε = 1012.

Figure S15: Impact of ZINB-WaVE regularization parameter for one mock null Usoskin dataset. (a) PCER as a
function of the ZINB-WaVE regularization parameter ε. (b) Histograms of unadjusted p-values for different values
of ε. DE genes for one mock null dataset are identified based on ZINB-WaVE-weighted edgeR, with an unadjusted
p-value cut-off of 0.05. ZINB-WaVE was fit with intercept, mock cell type covariate, and batch covariate in X,
V = 1J , K = 0 for W , and common dispersion.
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Figure S16: Impact of ZINB-WaVE regularization parameter for one mock null 10x Genomics PBMC dataset. (a)
PCER as a function of the ZINB-WaVE regularization parameter ε. (b) Histograms of unadjusted p-values for
different values of ε. DE genes for one mock null dataset are identified based on ZINB-WaVE-weighted edgeR,
with an unadjusted p-value cut-off of 0.05. ZINB-WaVE was fit with intercept and mock cell type covariate in X,
V = 1J , K = 0 for W , and common dispersion.

Figure S17: Gene set enrichment analysis based on PCA and ZINB-WaVE for 10x Genomics PBMC dataset.
Pseudo-color images of normalized enrichment scores for gene set enrichment analysis, for differential expression
between Seurat subclusters (CD4+ naive T-cells and CD4+ memory T-cells) based on (a) the first 10 principal
components and (b) W from ZINB-WaVE with K = 20. ZINB-WaVE and GSEA parameters are as in Figure 6
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Figure S18: AIC and BIC for selecting the number of unknown cell-level covariates in ZINB-WaVE for 10x Genomics
PBMC dataset. Panels show (a) the Akaike information criterion (AIC) and (b) the Bayesian information criterion
(BIC) as a function of the number of unknown cell-level covariates K in the W matrix from the ZINB-WaVE model
of Equations (3) and (4). ZINB-WaVE parameters are as in Figure 6.

Figure S19: Clustering based on PCA and ZINB-WaVE for 10x Genomics PBMC dataset. (a) Scatterplot of first
two t-SNE dimensions obtained from the first 10 principal components; cells are color-coded by Seurat graph-based
clustering on ZINB-WaVE W (K = 20). (b) Scatterplot of first two t-SNE dimensions obtained from ZINB-
WaVE W with K = 20; cells are color-coded by Seurat graph-based clustering on ZINB-WaVE W (K = 20). (c).
Scatterplot of first two t-SNE dimensions obtained from ZINB-WaVE W with K = 20; cells are color-coded by
Seurat graph-based clustering on the first 10 principal components. In panels (a) and (b), CD4+ naive T-cells and
CD4+ memory T-cells are, respectively, in yellow and red. Colors in panel (c) are the same as in Figure 6, where
CD4+ naive T-cells and CD4+ memory T-cells are, respectively, in gold and red. ZINB-WaVE parameters are as
in Figure 6.

17



Figure S20: Differential expression between clusters based on PCA and ZINB-WaVE for 10x Genomics PBMC
dataset. Histograms of unadjusted p-values from five methods for differential expression between Seurat subclusters
(CD4+ naive T-cells and CD4+ memory T-cells) based on (a) the first 10 principal components and (b) W from
ZINB-WaVE with K = 20. ZINB-WaVE parameters are as in Figure 6.
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Figure S21: Comparison of DE methods on simulated scRNA-seq data, including the zingeR methods. Left panel:
scRNA-seq data simulated from Islam et al. [2011] dataset (n = 80). Right panel: scRNA-seq data simulated from
Trapnell et al. [2013] dataset (n = 150). DE methods are compared based on scatter plots of the true positive rate
(TPR) vs. the false discovery proportion (FDP). Circles represent working points on a nominal 5% FDR level and
are filled if the empirical FDR (i.e., FDP) is below the nominal FDR. The zingeR methods outperform all competing
methods, except for the ZINB-WaVE methods. The DESeq2 curve in the left panel is cut off due to NA p-values
resulting from independent filtering. The behavior in the lower half of the curve for MAST in the right panel is due
to an extrapolation between two low working points.
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Figure S22: Differential expression results for Usoskin scRNA-seq dataset. The barplots provide the number of DE
genes for the Usoskin et al. [2014] dataset, based on 9 DE methods comparing each cell type (panels) to all other
cell types combined. The zingeR methods consistently have a higher number of DE genes as compared to their
unweighted counterparts. The results for SCDE were obtained by assessing the number of genes with |Zadj | ≥ 1.96
(see supporting information for the original manuscript; http://pklab.med.harvard.edu/scde/sensory.html).
All other methods are evaluated on a 5% nominal FDR level.
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Figure S23: False positive control on mock null Usoskin datasets (n = 622 cells). (a) Boxplot of per-comparison
error rate (PCER) for 30 mock null datasets for each of seven DE methods; ZINB-WaVE-weighted and zingeR-
weighted methods are highlighted in blue. (b) Histogram of unadjusted p-values for one of the datasets in (a).
ZINB-WaVE was fit with intercept, cell type covariate (actual or mock), and batch covariate (unless specified
otherwise) in X, V = 1J , K = 0 for W , common dispersion, and ε = 1012.

Figure S24: CPU time for different DE methods and scRNA-seq datasets. Mean CPU time (in seconds and on the
log scale) for seven DE methods applied to three scRNA-seq datasets. For each method, the same parameters as in
section *** “False positive rate control” were used. Colors correspond to different datasets. Islam dataset: Actual
read counts for n = 92 cells. Usoskin dataset: Read counts for n = 90 cells from one of the mock null datasets used
in Figure 5; batch was included as a covariate for all methods. 10x Genomics PBMC dataset: Only the n = 1, 151
cells in the CD4+ T-cells clusters were used. 10, 000 genes were sampled at random for each dataset. Computations
were done on a MacBook Pro with four 2.7 GHz Intel Core i5 CPUs and 8 GB of RAM. Although some methods
allow the use of multiple cores, only one core was used here for comparison purposes. ZINB-WaVE was fit with
intercept and cell type covariate (and batch covariate for Usoskin dataset) in X, V = 1J , K = 0 for W , common
dispersion, and ε = 1012.
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Figure S25: Impact of ZINB-WaVE regularization parameter on ZINB-WaVE-weighted edgeR for simulated Islam
dataset. The different FDP-TPR curves correspond to ZINB-WaVE-weighted edgeR analyses with varying values
for the ZINB-WaVE regularization parameter ε, as specified in the legend. The regularization parameter ε has a big
influence on performance due to the different degrees of shrinkage applied to the ZINB-WaVE parameter estimates.
We have found that setting ε = 1012 works well in general, but further research is needed to select optimal values
of the penalty parameter.
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Figure S26: Effect of weighting on the mean-variance relationship for the simulated Islam scRNA-seq dataset.
Estimated biological coefficient of variation (BCV) vs. average log count per million (CPM), computed by edgeR.
Left panel: The BCV plot based on unweighted observations shows a strong mean-variance relationship, with very
high dispersion estimates for lowly-expressed genes. Right panel: The BCV plot on the same dataset, where excess
zeros identified by ZINB-WaVE are downweighted, shows much lower dispersion estimates.
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