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ABSTRACT

Recent high-throughput omics techniques have pro-
duced a large amount of biological data. Visual-
ization of big omics data is essential to answer a
wide range of biological problems. As a concise
but comprehensive strategy, a heatmap can ana-
lyze and visualize high-dimensional and heteroge-
neous biomolecular expression data in an attractive
artwork. In 2014, we developed a stand-alone soft-
ware package, Heat map lllustrator (Heml 1.0), which
implemented three clustering methods and seven
distance metrics for heatmap illustration. Here, we
significantly improved 1.0 and released the online
service of Heml 2.0, in which 7 clustering methods
and 22 types of distance metrics were implemented.
In Heml 2.0, the clustering results and publication-
quality heatmaps can be exported directly. For an
in-depth analysis of the data, we further added an op-
tion of enrichment analysis for 12 model organisms,
with 15 types of functional annotations. The enrich-
ment results can be visualized in five idioms, includ-
ing bubble chart, bar graph, coxcomb chart, pie chart
and word cloud. We anticipate that Heml 2.0 can be a
helpful web server for visualization of biomolecular
expression data, as well as the additional enrichment
analysis. Heml 2.0 is freely available for all users at:
https://hemi.biocuckoo.org/.
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INTRODUCTION

With the rapid increase of big biological data generated by
high-throughput omics technology, the demand for visual-
ization of multi-dimensional and numeric data is urgently
increasing (1,2). How to quickly and intuitively retrieve the
information contained in the big data becomes more and
more important. A concise, delicate and precise picture can
afford a great advantage over description in words alone.
Visualization of a two-dimensional data matrix in a
heatmap is a simple but efficient approach for data anal-
ysis and interpretation. The values in the matrix may
represent any measurable properties such as biomolecu-
lar expression values. To estimate how many papers have
heatmaps, we carefully curated all original research arti-
cles published from January 2017 to December 2021 in five
professional journals, including Nature Biotechnology, Can-
cer Cell, Genome Research, Genome Biology and Molecular
& Cellular Proteomics. The statistical results showed that
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Figure 1. The implementation of HemI 2.0. (A) New features in the online service of Heml 2.0. The clustering methods, distance metrics and visualization
styles were increased from 3, 7 and 1 in 1.0 to 7, 22 and 6 in 2.0, respectively. Three additional options, including enrichment analysis, digital display, and
single gene query, were implemented for analyzing the data, showing the original expression data, and viewing GO annotations of individual genes. (B)
There were 7 clustering methods and 22 types of distance metrics implemented in Heml 2.0. (C) The enrichment analysis option of HemlI 2.0, with 15 types
of functional annotations. (D) Five idioms for visualization of enrichment results.

about 44% (2454) of 5565 papers contained at least one
heatmap (Supplementary Table S1), supporting the impor-
tance of heatmaps in visualization of big biological data.
Heatmaps can be illustrated by a considerable number
of programs or tools, such as R package gpplot2, Tree-
view (3), D3, SPSS, GraphPad Prism, ClustVis (4), Perseus
(5), TBtools (6) and MetaboAnalyst 5.0 (7) (Supplemen-
tary Table S2). However, these tools were developed for
more general purposes, while SPSS and GraphPad Prism
are commercial software packages. To date, there have
been 41 R/Bioconductor/JAVA packages, stand-alone soft-
ware packages and web servers, specifically designed for
heatmap illustration (Supplementary Table S2). Program-
ming skills are needed for using R/Bioconductor/JAVA
packages such as pheatmap, ComplexHeatmaps (8) and
JHeatChart. In 2014, we developed a JAVA-based stand-
alone software package, Heat map Illustrator (Heml) 1.0,
for biologists who are not familiar with programming. In
Heml 1.0, 3 clustering methods and seven distance metrics
were implemented, and heatmaps can be visualized, recol-
ored, rescaled, rotated or exported in a customized manner

(9). Later, Babicki et al. also implemented a highly useful
and interactive heatmap viewer Heatmapper, which could
rapidly generate expression, correlation or pairwise distance
heatmaps, with four clustering methods and five distance
metrics (10). Beyond heatmap illustration, no additional
options were provided for further data processing and anal-
ysis in currently available heatmap tools.

During the past years, HemI 1.0 has become a use-
ful tool for biologists, and many of them communicated
with us and pointed out the pros and cons of this tool.
Based on the users’ demands and suggestions, here we sig-
nificantly improved Heml, and developed the HTMLS-
based online service of 2.0, in which seven clustering meth-
ods and 22 types of distance metrics were included. For
further data analysis, we compiled 15 types of functional
annotations, and added an option of enrichment analy-
sis based on the hypergeometric test for 12 model organ-
isms, as well as the visualization of enrichment results.
In particular, publication-quality heatmaps and the clus-
tering and enrichment results could be exported for aca-
demic usage. We believe that HemlI 2.0 can be a much more
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Figure 2. Usage of HemlI 2.0. (A) The numeric expression data can be directly loaded, whereas the data area can be selected. The row/column labels are
editable by left-clicking on them. A heatmap can be automatically generated after clicking on the “Submit” button. (B) Multiple options are available to
manipulate the heatmap by clicking on the “Heatmap Settings” button. Up to three layers of row/column annotations can be added by right-clicking on
them. (C) The genes or proteins for visualizing a heatmap can be selected for further enrichment analysis. (D) The enrichment results can be visualized
in any of the five idioms and the generated pictures can be easily re-sized and re-colored in a customized manner by clicking on the “Graphic Settings”

button.

helpful tool for visualization and analysis of big biological
data.

IMPLEMENTATION

The new features in HemlI 2.0 were shown in Figure 1A. In
Heml 2.0, the data normalization method and color mode
were not changed (9). Briefly, a 256 color mode with red,
green, and blue tricolor was adopted, and the scale of each
color should be pre-defined from n to m (n, m range from
0 to 255, and n < m). Prior to visualization, the inputted
biomolecular expression data can be linearly normalized as
below:

oV — MinV
MaxV — MinV

Where NV denotes the normalized value, and OV denotes
the original value of the data (OV > 0). MinV and MaxV
represent the minimal and maximal values of all OV, re-
spectively (MaxV > MinV and MinV > 0).

More frequently, biologists like to analyze the logarith-
mic relations between different conditions and expression

NV = x(m—n+1)

data. Thus, the logarithmic normalization could be imple-
mented as below:

vy 18.(0V) ~ log, (Min)
"~ log, (MaxV) —log, (MinV)

x(m—n+1)

Where a could be customized as 2 (default), 10 or e.

For each color, the NV was calculated, whereas the data
point was visualized based on the tricolor NVs.

To better meet the enormous demands for analysis of the
data in heatmaps, we implemented seven commonly-used
methods for data clustering, including average, single, com-
plete, weighted, centroid, median and ward linkage cluster-
ing methods (Figure 1B, Supplementary Table S3). Also, we
included 22 types of distance metrics, including Euclidean,
Bray-Curtis, Canberra, Chebyshev, Manhattan, Correla-
tion, Cosine, Dice, Hamming, Jaccard, Jensen-Shannon,
Kulsinski, Mahalanobis, Matching, Minkowski, Rogers-
Tanimoto, Russell-Rao, Standardized Euclidean, Sokal-
Michener, Sokal-Sneath, Squared Euclidean and Yule dis-
tance metrics (Figure 1B, Supplementary Table S4). In
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Figure 3. Illustrating heatmaps by Heml 2.0. (A) The autophagic phenotypes of 36 yeast strains were illustrated and clustered by HemlI 2.0. A higher
proportion of autophagic cells represents a stronger autophagy activity. (B) The 195 DEPs of COVID-19 were illustrated and clustered by HemlI 2.0. A
higher score denotes a higher fold change in the fatal group against the healthy cases.

HemlI 2.0, the average linkage clustering method and Eu-
clidean distance metric were selected as the default settings.

In omics-related studies, biologists frequently performed
enrichment analyses of selected genes after data cluster-
ing and heatmap illustration (11,12). To fulfill this demand,
we also implemented an option of enrichment analysis for
12 model species (Figure 1C), including Homo sapiens,
Mus musculus, Rattus norvegicus, Saccharomyces cerevisiae,
Drosophila melanogaster, Arabidopsis thaliana, Sus scrofa,
Canis lupus familiaris, Bos taurus, Gallus gallus, Caenorhab-
ditis elegans and Danio rerio. We compiled 15 types of
functional annotations, including four sets of Gene Ontol-
ogy (GO) annotations (All, biology processes, molecular
functions, and cellular components) (13,14), Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways (15),
Disease Ontology (DO) terms (16) and nine sets of Hall-
mark Gene Sets taken from Molecular signatures database
(MSigDB) (Positional Gene Sets, Curated Gene Sets, Regu-
latory Target Gene Sets, Computational Gene Sets, Ontol-
ogy Gene Sets, Oncogenic Signature Gene Sets, Immuno-
logic Signature Gene Sets, Cell Type Signature Gene Sets,
and All Gene Sets mixed) (17-19). The gene sets of GO
biological processes were selected as the default settings.
For the enrichment analysis, the hypergeometric test was
used to calculate an enrichment ratio (E-ratio) and a P-
value for each category of functional annotations. To in-
tuitively visualize the enrichment results, we provided five
idioms, including bubble chart, bar graph, coxcomb chart,
pie chart and word cloud (Figure 1D). In addition, we im-

plemented an option of digital display to show the numeric
expression data in the heatmap, while individual genes
were clickable to view their GO annotations (Figure 1A).
Compared to other existing enrichment analysis tools such
as DAVID (20) and EnrichR (21) (Supplementary Table
S5), Heml 2.0 has fewer gene sets for analysis but instead
offers more customizable visualizations (Supplementary
Table S9).

The heatmap illustration, data clustering and enrichment
analysis were implemented in Python 3.9. We developed
the web interface using Django 3.2.9 and JavaScript, and
deployed the online service of HemlI 2.0 on cloud servers
through Nginx 1.20.2. For convenience, we tested the online
service on a variety of internet browsers, including Internet
Explorer, Mozilla Firefox and Google Chrome.

USAGE

The online service of Heml 2.0 was designed in an easy-
to-use mode. To explicitly demonstrate the usage of HemlI
2.0, we performed a case study based on the data from our
previously published study (22). AuTophaGy-related (4TG)
genes have been reported to be involved mainly or exclu-
sively in yeast autophagy. To analyze the autophagic pheno-
types of the 35 atg knockout strains, the average autophagy
activities were measured for wild-type (WT) S. cerevisiae
and 35 atg knock-out (KO) strains at different time points
from 0 to 5 h, and the corresponding data set was used as
an example for HemlI 2.0 (22).
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Figure 4. The concise illustrations of enrichment results by HemlI 2.0. (A) GO enrichment analysis was performed for ATG genes. A considerable number
of over-represented autophagy-related processes were intuitively illustrated by a word cloud. (B-E) Four additional idioms, including coxcomb chart (B),
pie chart (C), bar graph (D) and bubble chart (E), were implemented for visualizing the enrichment results of 195 DEPs of COVID-19.

First, the numerical input data could be prepared either
in Microsoft Excel spreadsheet (.xIs or .xIsx), Tab Sepa-
rated Value (TSV) or Comma Separated Value (CSV) for-
mat (<1 MB). For convenience, users’ data will be stored
on our server for 24 h. Then, users can select the numerical
data area for visualizing a heatmap with the mouse-clicking
manipulation (Figure 2A). By clicking on the row/column
titles, the corresponding labels can be edited. A heatmap
will be automatically generated after clicking on the “Sub-
mit” button. The generated heatmap can be easily manipu-
lated in a customized manner by clicking on the “Heatmap
Settings” button (Figure 2B). The corresponding data can
be clustered for either or both of row and column, while
clustering methods and distance metrics can be selected by
clicking on the “Clustering Settings” button (Figure 2B).
By right-clicking on the row or column labels, up to three
layers of annotations can be added into the heatmap. More-
over, the genes or proteins for visualizing a heatmap can
be selected by left-clicking on one or multiple row labels
for further enrichment analysis (Figure 2C). After selecting
organisms and functional annotations, enrichment analysis
can be performed by clicking on the “Enrichment Analy-
sis” button (Figure 2C). The enrichment results can be vi-
sualized in any of the five idioms (Figure 2D). The num-
ber of genes, E-ratio, and P-value can be shown, and the
generated pictures can be easily re-sized and re-colored in a

customized manner by clicking on the “Graphic Settings”
button (Figure 2D).

To obtain publication-quality figures, the all generated
pictures can be exported and different resolutions can be se-
lected for outputting figures. We provided 4 picture formats,
including JPG, PNG, PDF and TIFF, to satisfy the different
requirements. The clustering results and enrichment results
can also be exported. The whole procedure was carefully
implemented into a video with ~2 minutes on our website
(https://hemi.biocuckoo.org/documentation/).

DATA ANALYSIS AND INTERPRETATION

To further demonstrate the usefulness of Heml 2.0, the
heatmap of WT and 35 atg KO strains (22) was re-illustrated
by Heml 2.0 (Figure 3A). The autophagic phenotypes of
36 yeast strains were unambiguously classified into three
categories, namely, Class I, Class II and Class II1. Consis-
tent with previous results, we observed that autophagy ac-
tivity was almost fully blocked, significantly prolonged and
slightly delayed and in class I, class 1T and class I1I mutants,
respectively (22).

Recently, we identified 195 differentially expressed pro-
teins (DEPs) of COVID-19 by analyzing plasma proteins
that underwent significant fold changes in fatal cases com-
pared with those of healthy subjects (23). We re-illustrated
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the heatmap of 195 DEPs, and the degree of differential
expression of DEPs was obviously reduced in the mild
group compared with severe or fatal group (Figure 3B),
indicating that the alterations of plasma proteins became
more extensive in more severe or deteriorated conditions
(23).

Furthermore, we performed GO enrichment analyses
for these ATG genes and DEPs of COVID-19, respec-
tively. For ATG genes, we observed that a considerable
number of over-represented autophagy-related processes
were intuitively illustrated by a word cloud (22) (Figure
4A). DEPs of COVID-19 were highly enriched in pro-
cesses or pathway involved in inflammation, complement
system and platelet activation (Figure 4B-E), which was
visualized by four concise idioms and demonstrated that
acute inflammation and excessive immune cell infiltration
are associated with the severity of COVID-19 patients
(23).

CONCLUSIONS

Visualization of big biological data is an urgent demand in
life and biomedical sciences (1,2). As a concise and intu-
itive approach, illustration of biomolecular expression data
in a heatmap has emerged to be highly attractive for data
analysis and interpretation, in a simple but comprehensive
manner (3-10). Previously, we developed HemlI 1.0, and its
targeting users were non-expert biologists in computational
programming or with difficulty in using complicated and
professional packages (10). As a stand-alone software pack-
age specifically designed for heatmap illustration, HemlI 1.0
has served to the community for 8 years. Besides the local
packages supporting Windows, Linux/Unix and Mac, here
we further developed the online service of HemlI 2.0, which
was significantly improved with many features to meet in-
creasing demands from users.

There are several limitations in HemlI 2.0. First, al-
though Heml 2.0 is an interactive heatmap viewer, the
heatmap cannot be manipulated in a real-time manner,
which has been implemented in Heatmapper (10). Be-
sides three types of data-matrix heatmaps, Heatmapper also
provided image-based heatmaps, such as choropleth and
geospatial heatmaps (10). Thus, we will include more visu-
alization types of heatmaps, and enable a real-time interac-
tion in the next version of Heml. Third, only 15 types of
gene sets together with the hypergeometric test were pro-
vided for enrichment analysis. More gene sets and more
enrichment analysis methods will be included in the near
future. Fourth, some tools such as Metascape provided
network analysis of the interactome, beyond heatmap vi-
sualization and enrichment analysis (24). Thus, the anal-
ysis of networks and modules will be also added in our
tool. In addition, more normalization methods, clustering
strategies and heatmap-related analyses, such as differen-
tial expression analysis and molecular subtyping, will be
included.

Taken together, we believe that Heml 2.0 can be a much
more useful tool for visualization and analysis of biomolec-
ular expression data. The online service of Heml 2.0 will be
continuously maintained and refined upon users’ comments
and feedbacks.

DATA AVAILABILITY

Heml 2.0 is freely available for all users at: https://hemi.
biocuckoo.org/ and the source at https://github.com/Ning-
310/Heml.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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