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Several studies have explored how co-expression module networks change between mouse tissues [1] and/or
genders [2]. Here we re-analyze mouse liver samples of an F2 mouse intercross [3,4] to study whether “female”
modules (i.e., modules found in a network based on female mice) are preserved in the corresponding male
network. The data sets consist of 135 female and 124 male samples. The modules were identified in the female
data as follows [3]: the original over 20000 probes were reduced to 8000 most variant, and of those the 3600
most connected were selected for network analysis. Further, probes mapping to the same gene were merged,
resulting in 3421 measured gene expressions. An unsigned network was constructed using the soft thresholding
power β = 6, genes were clustered using average linkage hierarchical clustering with dissimilarity equal to one
minus the topological overlap matrix [5], and the Dynamic Tree Cut [6] was used to identify modules in the
clustering tree. The authors of [3] manually merged several modules whose eigengenes were highly correlated.
This analysis identified 12 modules (labeled by colors black, blue, brown cyan, green, greenyellow, lightcyan,
lightyellow, midnightblue, purple, red, and salmon) with sizes ranging from 34 genes to 772 genes. The biological
significance of the modules was discussed in [3]; one of the modules (blue) was found to relate significantly to
body weight.

In [3], the male mice were omitted from the analysis since the male network appeared significantly different
from the female network. Here we use our module preservation statistics to make this statement more quanti-
tative. Since module identification has not been performed in the male data, we do not use the cross-tabulation
methods here and rely instead fully on the network preservation statistics.

We re-created the gene clustering dendrogram in the female data using the same network construction
techniques as were used in [3] (Figure 1A). Additionally, we constructed an analogous clustering dendrogram
in the male data, but did not identify modules. Instead, in Figure 1B we show the male dendrogram with the
corresponding female module colors. This figure provides a visual clue to module preservation. Solid blocks of
a single color (such as, for example, brown) indicate that the female module is strongly preserved in the male
network. This figure indicates that most modules are likely to be strongly preserved since they can be observed
as blocks of solid color under the male dendrogram. The only possible exceptions are the salmon and lightyellow
modules that are difficult to locate under the male dendrogram.

The composite statistics Zsummary and medianRank tell a similar though more precise story. In Figures 1C
and D we show Zsummary and medianRank as a function of module size. The composite Zsummary indicates that
all modules except the lightyellow and salmon are strongly preserved. For the lightyellow module we find very
weak evidence of preservation (Zsummary = 2.0), while for the salmon module we find moderate evidence for
preservation (Zsummary = 7.6). The salmon and lightyellow modules also exhibit the worst median rank (13)
of observed statistics. Detailed results including values of all preservation statistics are presented below and in
Supplementary Table S6.

What is the meaning of the weak preservation scores of the lightyellow and salmon modules? Since the
network construction is sensitive to outliers, one may suspect that the correlations underlying the lightyellow
and salmon modules are caused by outlier samples. Such samples may be visually identified in module expression
heatmaps and the corresponding eigengene plots. In Figure 1E we show the heatmap and eigengene plot for the
salmon module. It clearly shows an outlier sample in which genes of the salmon module have abnormally high
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absolute expression (recall that in this analysis we used an unsigned network). If this sample were removed,
the gene-gene correlations within the module would be much lower. For comparison, in Figure 1F we show
the analogous heatmap and eigengene plot for the greenyellow module. This module is of similar size (121
genes) as the salmon module (98 genes), but is strongly preserved (Zsummary = 31, medianRank = 2.0). It
is significantly enriched for cell cycle genes with a Bonferroni-corrected p-value of 1.5 × 10−42 and thus has a
clear functional interpretation. Its heatmap shows a characteristic pattern of vertical bands indicating strongly
co-expressed genes. None of the samples appears to be an outlier, and certainly removing any few samples
of the module would not drastically alter the co-expression pattern. The heatmap of the lightyellow module
(not shown) exhibits a pattern similar to the salmon module, with one outlier sample underlying most of the
gene-gene correlations. In summary, this application demonstrates that module preservation statistics allow us
to identify invalid, non-reproducible modules due to array outliers.

In the fourth section of Supplementary text S11, we present module quality statistics that are implemented in
the modulePreservation R function. These module quality measures indicate that the lightyellow and salmon
modules are high quality modules in the reference data set, that is their module density is high (see below).
This is because Pearson correlation is sensitive to outliers. Were one to use an outlier-resistant correlation such
as the biweight midcorrelation [7,8], the lightyellow and salmon modules would have been flagged as low-quality
modules just by analyzing the module quality in the reference data, without the need of a test data set. Our R
software implementation allows the user to choose the biweight midcorrelation instead of Pearson correlation.

A comprehensive table of module preservation statistics can be found in the accompanying Supplementary
Table S3, a plain text Comma Separated Value format file. In Figure 2 we present detailed plots of the
preservation Z statistics as a function of module size. In Figures 3 and 4 we present scatterplots of various
measures of connectivity for two highly preserved modules (brown and green) and for the two (lightyellow
and salmon) weakly preserved modules. In Figures 5 and 6 we present module heatmaps and corresponding
eigengene expression barplots for the highly preserved modules and the weakly preserved modules, respectively.
The heatmaps indicate the reason why the lightyellow and salmon modules are weakly preserved: the co-
expression of their genes in the female data is mainly caused by a single outlier sample. In this sense the
modules can be considered technical artefacts.

Results of alternate methods

Here we present the results of the function clusterRepro [9]. The method would take an excessively long time
to calculate meaningful p-values, and hence we only report the observed IGP values, Figure 7. The lightyellow
and salmon modules have the lowest IGP in the male data (panel A2).

Since we have a clustering for the male data, in this application we can also evaluate cross-tabulation
measures. Figure 8 shows accuracy, Fisher exact test p-value, and co-clustering for the female modules when
the male clustering is used as test clustering. The lightyellow and salmon modules are conspicuous by their low
values of all three quantities. Thus, in this case the cross-tabulation statistics identify the same modules as the
network preservation statistics.
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Figure 1. Preservation of female mouse liver modules in male samples of the same cross. A.
Hierarchical clustering tree (dendrogram) of genes based on the female mouse liver co-expression network.
Each “leaf” (short vertical line) corresponds to one gene. The color row below the dendrogram indicates
module membership in the modules defined by cutting branches of this dendrogram using the Dynamic Tree
Cut algorithm [6]. B. Hierarchical clustering tree of genes based on the male mouse liver co-expression
network. The color row below the dendrogram indicates module membership in the female modules (defined
by cutting branches of dendrogram in panel A.) C. Composite preservation statistic Zsummary (y-axis) of
preservation of female modules in the male network as a function of module size (x-axis). Each point
corresponds to a module labeled by color and the text label. The blue and green dashed lines indicate the
thresholds Zsummary = 2 and Zsummary = 10, respectively. D. The median rank of observed preservation
statistics (y-axis) of preservation of female modules in the male network as a function of module size (x-axis).
Each point corresponds to a module labeled by color and the text label.
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Figure 2. Z scores of quality and preservation of female mouse liver modules in male samples. Each plot
presents one Z statistic (identified in the title) as a function of the module size. Each point represents a
module, labeled by a color and a numeric label (2, blue; 3, brown; 5, green; 6, red; 7, black; 10, purple; 11,
greenyellow; 13, salmon; 14, cyan; 15, midnightblue; 16, lighcyan; 19, lightyellow). The dashed blue and green
lines indicate thresholds of Z = 2 and Z = 10, respectively.
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A. Intramodular correlation
in female brown module
 cor.cor=0.93, p<1e−200

Correlation in female data
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B. Intramodular connectivity
in female brown module
 cor.kIM=0.99, p<1e−200

kIM in female data
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C. Eigengene−based connect.
in female brown module
 cor.kME=0.96, p<1e−200

kME in female data
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D. Intramodular correlation
in female green module
 cor.cor=0.85, p<1e−200

Correlation in female data
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E. Intramodular connectivity
in female green module

 cor.kIM=0.85, p=2.6e−140

kIM in female data
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F. Eigengene−based connect.
in female green module

 cor.kME=0.9, p=5.7e−192
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Figure 3. Scatterplots of various connectivity measures of genes in two highly preserved modules (blue and
green). Each plot shows a connectivity measure of genes in one of the modules in the male data (y-axis)
vs. the same connectivity measure in the female data (x-axis). The connectivity measure and module label are
indicated in the title of each plot. The titles also contain the correlations and corresponding p-values of the
male and female connectivities in each plot. The correlations and p-values are extremely high, indicating very
strong preservation of connectivity patterns in the brown and green modules between the female and male
samples.
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A. Intramodular correlation
in female lightyellow module

 cor.cor=0.14, p=0.00087

Correlation in female data
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B. Intramodular connectivity
in female lightyellow module

 cor.kIM=0.2, p=0.26

kIM in female data
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C. Eigengene−based connect.
in female lightyellow module

 cor.kME=0.17, p=0.34

kME in female data
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D. Intramodular correlation
in female salmon module
 cor.cor=0.41, p=5e−198

Correlation in female data
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E. Intramodular connectivity
in female salmon module

 cor.kIM=0.039, p=0.7

kIM in female data
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F. Eigengene−based connect.
in female salmon module
 cor.kME=0.69, p=1.4e−16

kME in female data

kM
E

 in
 m

al
e 

da
ta

Figure 4. Scatterplots of various connectivity measures of genes in the two modules with lowest Zsummary

preservation statistics (lightyellow and salmon). Each plot shows a connectivity measure of genes in one of the
modules in the male data (y-axis) vs.the same connectivity measure in the female data (x-axis). The
connectivity measure and module label are indicated in the title of each plot. The titles also contain the
correlations and corresponding p-values of the male and female connectivities in each plot. The correlations
and p-values are much lower than those in strongly preserved modules (Figure 3), indicating weak preservation
of connectivity patterns in the lightyellow and salmon modules between the female and male samples.
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A: brown module in female

M
od

ul
e

he
at

m
ap

E
ig

en
ge

ne
ex

pr
es

si
on

male

B: green module in female

M
od

ul
e

he
at

m
ap

E
ig

en
ge

ne
ex

pr
es

si
on

male

Figure 5. Module heatmaps and eigengene expression barplots of highly preserved modules in female and
male samples. Each plot contains a module heatmap and a barplot of eigengene expression of one module in
one data set (indicated in the title). In the heatmap, rows correspond to genes and column to samples; green
means under-expression, red over-expression and white average expression; missing data are indicated by grey
color. The eigengene summarizes the expression of all genes in the module. The heatmaps exhibit
characteristic vertical bands indicating strong and robust co-expression of genes within each module in both
tissues.
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A: lightyellow module in female
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B: salmon module in female
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Figure 6. Module heatmaps and eigengene expression barplots of the weakly preserved modules in female
and male samples. Each plot contains a module heatmap and a barplot of eigengene expression of one module
in one data set (indicated in the title). In the heatmap, rows correspond to genes and column to samples;
green means under-expression, red over-expression and white average expression; missing data are indicated by
grey color. The eigengene summarizes the expression of all genes in the module. Heatmaps in the female
samples indicate that in each of the modules the co-expression is mainly driven by one outlier sample. Hence,
these two modules appear to be artefacts of the presence of an outlier sample.
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A2. Modules: Female
  Test data: Male
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B1. Modules: Male
  Test data: Female
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B2. Modules: Male
  Test data: Male
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Figure 7. Observed in-group proportion of female and male liver modules when both data sets are used as
test data. Modules are labeled by their labels and colors. The title of each plot indicates which clustering
(“Modules:”) was applied to which set (“Test data:”) to obtain the IGP displayed in the plot. When the
female modules are tested in male data (panel A2), the lightyellow and salmon modules exhibit a lower IGP
and hence preservation than other similarly sized modules.
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Figure 8. Observed values of cross-tabulation statistics of female mouse liver modules when compared to the
corresponding male liver modules. Modules are labeled by their labels and colors. The lightyellow and salmon
modules exhibit lower preservation than other modules.


