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Abstract 

Biological data visualization is challenged by the growing complexity of datasets. 
Traditional single-data plots or simple juxtapositions often fail to fully capture dataset 
intricacies and interrelations. To address this, we introduce “cross-layout,” a novel visuali-
zation paradigm that integrates multiple plot types in a cross-like structure, with a cen-
tral main plot surrounded by secondary plots for enhanced contextualization 
and interrelation insights. We also introduce “Marsilea,” a Python-based implementation 
of cross-layout visualizations, available in both programmatic and web-based interfaces 
to support users of all experience levels. This paradigm and its implementation offer 
a customizable, intuitive approach to advance biological data visualization.

Background
Data visualization for biological research and data science faces significant challenges, 
primarily due to the advancement in technologies that produce data with exponential 
growth of depth and resolution. These datasets often include numerous features, mak-
ing it difficult to display and interpret the information effectively. Single-plot visualiza-
tion often falls short of representing the multi-dimensional nature of data. As a result, 
researchers have turned to composable visualization that incorporates multiple plot 
types to convey their findings. Examples include the use of complex heatmaps [1] for 
genomic data, multiple sequence alignments (MSA) for DNA/protein sequence compar-
ison, upset plots [2] for set intersection, and OncoPrint [3] to display mutation events in 
patient cohorts. However, the creation of these composable visualizations can be con-
strained to specific tools with limited customization capability or require a deep under-
standing of plotting tools to construct a complex layout and integrate various plots. 
There is currently no standardized approach to creating composable visualizations. As 
a result, researchers often resort to writing complicated code or through vector graphic 
editors to create composable visualizations.
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Results

To address contemporary challenges in complex data visualization, we propose a visu-
alization paradigm that introduces a novel and intuitive way to visualize complex data-
sets in a composable fashion—the cross-layout (Fig. 1a). At its core, it is a central main 
plot that focuses on representing the key feature of a dataset. Surrounding this central 
plot are secondary plots, incrementally added to each side. This arrangement forms a 
cross-like structure, hence the name “cross-layout visualization” (Fig.  1). Each plot, 
central or secondary, allows the layering of additional features such as text or symbols. 
These layers add annotations and context, enhancing the understanding of the plots. For 
datasets with categorical axis, the paradigm allows incorporation of data-driven struc-
ture, for example, through hierarchical clustering showcasing similarities within and 

Fig. 1  The novel concept of cross-layout implemented in Marsilea. a Conceptual illustration of transforming 
different data dimensions into composable visualization. b The assembly process of composable visualization 
using cross-layout. c Variants of cross-layouts adapted to different input data. d Illustration of the versatility 
provided by concatenation of multiple composable visualizations
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between data groups, adding a deeper analytical dimension (Fig.  1b–c). Additionally, 
the paradigm offers versatility through concatenation and recursion: secondary plots 
can transform into central plots of new cross-layouts that are connected to the initial 
one, allowing for intricate and detailed visual representations of the data (Fig. 1d). This 
approach makes complex data more accessible and interpretable and allows the visuali-
zation of cross-feature relationships.

To facilitate the creation and manipulation of composable visualization, we built Mar-
silea, a Python library designed to create composable visualizations in a declarative way. 
Marsilea is built with modularity in mind, allowing users to add plot components incre-
mentally as needed. Marsilea offers a diverse range of built-in plot types: four variants of 
heatmap, statistical plots like line plot, bar plot, violin plot, arc diagrams, text labels, and 
sequence logos (Additional file 1: Fig. S1). One of Marsilea’s key strengths is its capacity 
for customization; users can easily adjust the layout and esthetic options, and new plot 
types can be easily implemented by users when needed. Marsilea boasts compatibility 
with multiple input formats, from the primitive Python list to NumPy arrays and Pandas 
DataFrames, ensuring seamless integration into the data analysis pipelines (Fig. 1a).

We demonstrate the broad applicability and the intuitive usage of Marsilea by creat-
ing different composable visualizations in the domain of Biology. The composable visu-
alization can significantly enhance the single plot visualization. For instance, consider 
the first example (Fig. 2a), where we employed the Palmer penguin dataset to generate 
a violin plot exhibiting the bill length of penguins. However, a singular violin plot may 
not adequately communicate all the pertinent details. We then include supplementary 
annotations such as text labels or color strips denoting the species, residing island, and 
sex of the penguins. Moreover, a dendrogram can also be incorporated to indicate the 
similarity of data distribution. In addition to providing supplementary details, compos-
able visualization can also enhance the clarity of visual data. For example, in the second 
scenario where we analyzed the 25 cell types of a mouse embryo visualized in 25 colors 
(Fig. 2b), making it challenging to distinguish less common cell types such as the kidney 
and pancreas. To remedy this, we can integrate density heatmaps along the x- and y-axes 
to draw attention to these cells. By doing so, we enable our audience to easily grasp cru-
cial information from our visualization, including those with color vision deficiencies. 
To showcase the broad application of Marsilea, in the third example, we apply compos-
able visualization in network visualization by presenting an arc diagram to visualize a 
subset of the protein–protein interaction network through phosphorylation (Fig. 2c).

Afterward, we replicated widely used composable visualizations in genomics research 
to highlight Marsilea’s versatility. (1) Complex heatmap (Fig.  2d): This visualization 
extends traditional heatmap by incorporating additional data dimensions. Leveraging 
a well-known single-cell RNA expression dataset PBMC3K, we constructed a complex 
heatmap. This heatmap effectively displays marker genes across different cell types, 
organized by cell lineage. (2) OncoPrint (Fig. 2e): Originating from and popularized by 
cBioPortal, OncoPrint serves as a composable visualization to jointly visualize muta-
tion events and expression profiles in patients. We applied it to breast cancer patients 
with the expression profile of mRNA and methylation rendered as heatmaps. (3) Tracks 
plot (Fig. 2f ): Commonly employed in the analysis of ChIP-seq or ATAC-seq data. We 
showcased different ChIP-seq data for the MYC gene under two conditions, facilitating 
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an easy comparison across conditions and targets. (4) Multi-sequence alignment plot 
(MSA) (Fig. 2g): As a foundational visualization in comparison genomics, MSA enables 
the examination of DNA or protein sequence variations across species. We presented 
an MSA for the protein sequence of PAH across six species from sites 135 to 155. The 
sequence logo positioned on top of the alignment clearly shows the conservation of 

Fig. 2  Demonstration of Marsilea’s capabilities to create both novel and existing composable visualization. 
a Extension of the violine plot with extra annotations in the Palmer Penguin dataset. b Cell map of mouse 
embryo with visual enhancement of cell density heatmap. c Arc diagram of protein–protein interaction 
network. d Complex heatmap of single-cell RNA-seq data. e OncoPrint of mutation events in breast cancer 
patients. f Tracks plot of ChIP-seq data for MYC gene. g Multiple sequence alignment plot for PAH from sites 
135 to 155. h Upset plot of shared terms in different cancer pathways
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specific sequences. (5) Upset plot (Fig.  2h): Designed to elucidate the intersection for 
more than three sets, the Upset plot is useful for complex sets’ data. We employed an 
Upset plot to show the similarity of terms among different cancer pathways with spe-
cial emphasis on the interactions with breast cancer in green. Although these examples 
above can be created by different existing software like ComplexHeatmap [1, 4], cBio-
Portal [3], ggmsa [5], and Upsetplot [2], they can only create one or a few specific forms 
of composable visualization. Due to the generalizable approach of the cross-layout para-
digm, Marsilea can generate all these plots in an intuitive and unified manner without 
posing any restriction on customization. Nevertheless, these applications underscore the 
versatility and efficacy of Marsilea in the creation of advanced composable visualizations 
in genomics research and its potential application in the field.

Marsilea provides multiple interfaces for users, catering to different user preferences 
and skill levels. It can be utilized programmatically through a declarative API for those 
comfortable with coding (Additional file 1: Fig. S2a) or through a no-code, web-based 
interface, making it accessible to a wider audience beyond just programmers (Additional 
file 1: Fig. S2b). The current web-based interface (http://​marsi​lea.​rende​iro.​group) offers 
extensive customization, albeit not to the level conferred by the infinite customization of 
the programming interface. To assess the conciseness and simplicity of Marsilea’s code, 
we evaluated the implementation of the same visualization produced using Marsilea or 
its low-level counterpart, matplotlib (Additional files). We observed that Marsilea only 
demands about half the coding effort to produce identical visualizations (Additional 
file 1: Fig. S3), suggesting it is significantly more user-friendly. Moreover, Marsilea’s lay-
out adjustments are notably precise, requiring only a single line of code to modify plot 
location, size, and padding (Additional file  1: Fig. S2c), which greatly facilitates going 
from individual plots to publication-ready figures for researchers.

Conclusions
In summary, the cross-layout is a simple paradigm to create composable visualization 
with flexibility in composition and customization to unlock infinite possibilities of bio-
logical data visualization. With the flexibility and extensibility of Marsilea, we anticipate 
the application of Marsilea in various data analysis pipelines and research contexts, ena-
bling scientists to create tailored visualizations with ease and in an intuitive manner.

Methods
Benchmarking of Marsilea: we asked three individuals to implement the cooking oils 
example in Additional file  1: Fig. S3. Their source code files were first automatically 
formatted using ruff (https://​github.​com/​astral-​sh/​ruff) with default settings and then 
measured the number of tokens, lines of code (excluding blank lines and comments), 
and number of API calls.
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