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Abstract

A key output of the NIH-Common Fund 4D Nucleome (4DN) project ' is the open publication of datasets related to
the structure of the human cell nucleus and the genome. Recent years have seen a rapid expansion of multiplexed
Fluorescence In Situ Hybridization (FISH) or FISH-omics methods, which quantify the spatial organization of chromatin
in single cells, sometimes together with RNA and protein measurements, and provide an expanded understanding of how
3D higher-order chromosome structure relates to transcriptional activity and cell development in both health and disease.
Despite this progress, results from Chromatin Tracing FISH-omics experiments are difficult to share, reuse, and subject to
third-party downstream analysis due to the lack of standard specifications for data exchange.

Following up on the recent publication of Microscopy Metadata specifications **, we present the 4DN FISH Omics
Format - Chromatin Tracing (FOF-CT), a community-developed data standard for processed results derived from a wide
variety of imaging techniques for Chromatin Tracing, with the most recent studies falling roughly into two categories: ball-
and-stick and volumetric based on whether they represent the targeted genomic segment as individual fluorescence spots or
as clouds of single-molecule localizations. To demonstrate the value and potential use of FOF-CT to promote the FAIR
sharing of the results obtained from Chromatin Tracing techniques, this manuscript will focus on ball-and-stick Chromatin
Tracing techniques, including those described by the pioneering Chromatin Tracing study of Wang et al. ° as well as Optical
Reconstruction of Chromatin Architecture (ORCA) ¢, microscopy-based chromosome conformation capture (Hi-M) 7,
Multiplexed Imaging of Nucleome Architectures (MINA) ¥, DNA Sequential Fluorescence In Situ Hybridization (DNA
seqFISH/seqFISH+) !, Oligopaint Fluorescent In Situ Sequencing (OligoFISSEQ) '2, DNA Multiplexed error-robust
fluorescence in situ hybridization (DNA-MERFISH) ", and In-situ Genomic Sequencing (IGS) '*. The manuscript will
describe the structure of the format and present a collection of FOF-CT datasets that were recently deposited to the 4DN
Data Portal ' and the Open Microscopy Environment (OME) Image Data Resource (IDR) platform '® and are ideally suited
for promoting reuse, exchange, further processing, and integrative modeling. Furthermore, the manuscript will present
examples of analysis pipelines that could be applied more widely due to the existence of the FOF-CT exchange data format
and provide examples of biological conclusions that could be drawn thanks to the availability of such datasets.



Introduction

The 4D Nucleome project '7 aims to understand the three-dimensional organization and complex structure of
chromatin in four dimensions by incorporating elements of time and space. In this context, a significant focus is on mapping
the dynamics of chromosome and nuclear organization, as well as the variations observed between single cells. To this aim,
in addition to sequencing-based techniques such as high-throughput Chromosome Conformation Capture (Hi-C), a variety
of microscopy-based Fluorescence In-Situ Hybridization (FISH) techniques are employed.

Classical DNA FISH utilizes fluorescently labelled DNA probes to visually identify specific parts of the genome and
capture images of these labeled segments within individual cells, as reviewed by '***. Advances in hybridization protocols,
microfluidics systems, and the construction of large arrays of barcoded targeting oligonucleotides (including Oligopaints)
2428 have expanded the capability of DNA FISH to image multiple DNA segments to potentially cover the entire genome,
as reviewed by *#°7°. These methods are interchangeably referred to as DNA Multiplexed FISH or FISH omics [reviewed
in '"], highlighting their common objective of mapping the positions of numerous specific DNA segments, often in
conjunction with localizing other cellular components like RNA and proteins >'*!1333:36739,

A variety of DNA FISH Omics protocols have been developed in recent years, where the 3D configuration of chromatin
is reconstructed by connecting the location of targeted segments captured in successive rounds in a genomic mapping
process known as “Chromatin Tracing”, as demonstrated by °. Chromatin Tracing techniques can be categorized into two
main types (see Figure 2 in Dekker et al.)!”: ball-and-stick *'**7%? or volumetric ****’. The distinction between these
methods lies in how they visualize the genomic Targeted Segment (Supplemental Table I - Glossary). The distinctive feature
of ball-and-stick Chromatin Tracing methods is that the fluorescent spot observed during each hybridization cycle
corresponds to the entire targeted genomic segment, typically ranging from 2 to 100 kilobases. On the other hand, volumetric
Chromatin Tracing techniques depict the segment as a cloud of single-molecule localizations, often rendered as a volume,
wherein each localization represents just one of the multiple fluorophores used to target the segment.

The inherently 3D nature of Chromatin Tracing data enables multi-faceted characterization of chromatin folding
conformation through a range of quantitative metrics, thereby revealing novel biological and biophysical insights. At the
population level, contact frequency or spatial distance matrices derived from Chromatin Tracing closely recapitulate widely
used Hi-C contact maps, capturing both quantitative values and qualitative patterns, including key features such as A/B
compartments, topologically associating domains (TADs), and promoter—enhancer interactions >¢27-40-4346-48.50.51.68.69 ' A the
single-cell and single-trace level, spatial distance matrices derived from Chromatin Tracing experiments unveil structural
variability across all genomic scales, for example, demonstrating variability in physically segregated A-B compartments
38.13.3845.48.51.64 " and highly variable TAD-like structures *'***°! (also referred to as single-cell domains). Notably, such
domain variability has been observed even in the absence of loop extrusion and major epigenetic modifications, suggesting
that additional mechanisms contribute to chromatin organization beyond canonical extrusion-based models **°*7*%- While
plaid-patterned contact enrichment, indicative of separation into A/B compartments, is observed at the population level and
appears to be conserved across diverse cell types, the single-cell nature of Chromatin Tracing reveals a more distinct
behavior. For example, in mature and slowly dividing cells, individual chromosomes in single cells often partition into
physically separated A/B compartments *'***’! In contrast, it has been shown that in embryonic stem cells, the
compartments exhibit a statistical enrichment of contacts, with individual chromosomes in single cells rarely fully
segregating all their A and B regions into two physically distinct domains *''. Chromatin Tracing data also enable the
analysis of multi-way contacts *%#24448:50.56.69.72 £ cjlitating the discovery of functional cross-TAD and long-range regulatory
interactions mediated by multiple loops ****%°?  Chromatin Tracing derived spatial distance matrices also enable
quantitative assessment of chromosome compaction by comparing whether distances systematically change across
conditions >7*%40742:43:3059 " AJternatively, compaction can also be estimated from radii of gyration in contiguous ball-and-
stick or volumetric chromatin traces >:%38:40:41.45.30.51.59.61.64.65.67.73 " Chromatin Tracing provides insights into genome-scale
spatial organization at a macro scale by quantifying the radial distribution of each locus within the nuclear space in a
genome-wide Chromatin Tracing experiment *'**° and revealing the proximity between genomic loci and nuclear landmarks
(such as nuclear lamina, nucleoli, and nuclear speckles) or epigenetic compartments *>'**. As a result, FISH-Omics has
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transformed genome organization studies by enabling single-cell visualization and quantification of chromatin architecture
across scales, revealing the importance of structural variability >'4-37-3840-4850.63-67

While this rapid technological progress has driven significant advances, it has also led to a lack of standardization. As
individual labs optimized their own pipelines for data acquisition, storage, and analysis, a diversity of bespoke formats and
workflows emerged, resulting in a fragmented data-format landscape. The resulting proliferation of incompatible data
structures makes cross-study comparisons arduous. However, re-analysis of single-cell Chromatin Tracing datasets has
resulted in several novel insights into genome organization and function. For instance, Bohrer and Lason ™ showed that
gene co-expression is driven by physical proximity rather than genomic distance. Rajpurkar et al. *’ utilized nascent RNA-
labeled Chromatin Tracing data from the Drosophila Bithorax Complex to link chromatin architecture to transcriptional
state, revealing that redundant structural layers and rare long-range contacts contribute to transcriptional silencing.
Goundaroulis et al. ° examined single-cell traces from a 2-Mb Targeted Region (Supplemental Table I - Glossary) on human
chromosome 21 ** and demonstrated that interphase chromatin is predominantly unknotted at the megabase scale, with most
observed knots attributable to localization errors in densely packed regions, highlighting the need for rigorous quality
control. Patel et al. (2024) used Chromatin Tracing data from human and mouse cells *'***7® to develop a method for
detecting chromatin domain-like structures and boundaries in single-chromosome pairwise distance matrices, even with
substantial missing data. Liefsoens et al. ’’ introduced A-Plot, a spectral approach that, in conjunction with neural networks,
detects nested and complex chromatin loop structures at both the single-cell and population levels using datasets from Bintu
et al. ° (2018) and Takei et al. ?. Several studies developing models for reconstructing the 3D genome have leveraged
Chromatin Tracing for both model generation and validation (e.g., Refs. 7). Recent work by Remini et al. 3% showed
that chromatin exhibits two distinct scaling regimes across 5 kb to 2 Mb, both in mouse and in human, corresponding to
alternating phases that undergo microphase separation. This observation provides a valuable framework to inform and refine
polymer physics models of chromatin organization. Additionally, the increasing availability of public single-cell CT datasets
further supports the development % and validation ¥ of accurate, multiscale, data-driven 3D chromatin models.

Such efforts have advanced our understanding of genome organization at the single-cell level. However, their broader
impact is often limited by inconsistencies in data formats that hinder data portability and reuse. To support reproducibility
and facilitate meaningful cross-study comparisons, the adoption of standardized Microscopy Metadata specifications **,
data formats and robust quality assessment frameworks is essential. Addressing this critical bottleneck, the 4D Nucleome
(4DN) Consortium has taken the lead in developing the FISH-Omics Format for Chromatin Tracing (FOF-CT), a
standardized framework designed to unify the representation of DNA FISH data across platforms and studies. The rationale
for creating the FOF-CT is to enable the large-scale integration of datasets across different model systems, experimental
conditions, and analytical modalities; streamline the development of computational tools, including machine learning
applications for spatial genomics; and enhance reproducibility by ensuring compliance with FAIR (Findable, Accessible,
Interoperable, Reusable) principles. This manuscript describes the development of 4DN FOF-CT, a standardized data format
designed to capture and share results from DNA FISH Omics imaging experiments. This format is immediately compatible
with all ball-and-stick Chromatin Tracing techniques described above and is designed to be easy-to-extend to support
volumetric methods in the future.

An exchange format for the results of FISH Omics Chromatin Tracing experiments

In ball-and-stick Chromatin Tracing experiments, polymer tracing algorithms are used to connect the localization of
individual DNA-FISH bright Spots (Supplemental Table I - Glossary) and reconstruct the three-dimensional (3D) path of
chromatin fibers. While a full description of the proposed FOF-CT specifications can be found on ReadTheDocs ¥, a short
summary is provided here.

FOF-CT is organized in a modular fashion, ensuring the standardization of essential Chromatin Tracing data arising
from multiple individual techniques, while providing the flexibility necessary to capture additional data that may be required
only in specific experimental designs (Figures 1 and 2). Thus, while all FOF-CT-compliant datasets must include at least

4



one TXT, CSV, or TSV file, they might contain up to twelve files, each containing one of the individual interlinked
prescribed tables (Figures 1 and 2). Specifically, the core of the format consists of the mandatory DNA-Spot/Trace core
table (i.e., Table 1) that defines Chromatin Traces as ordered lists of individual DNA-FISH bright Spots. Specifically, this
table reports the XYZ coordinates with respect to the microscopy detection system of individually detected DNA bright
Spots, the BED *° specified genomic location of their target Segment (i.e., Chrom, Chrom_Start, Chrom_End), their Trace
assignment as well as their Cellular, Extracellular and Sub-Cellular Region of Interest (ROI) allocation, if appropriate.
Additional highly recommended tables, which are linked with the Core table by way of deposition-wide or (ideally) globally
unique identifiers (UIDs; Figure 2), support the integration of core Chromatin Tracing results with:

1) The list of individual localizations that are used to identify individual bright Spots with combinatorial barcoding
(i.e., Table 2 - Spot Demultiplexing).

2) Global Trace-level experimental results, such as the expression level of nascent RNA transcripts associated with
a given Trace or overall localization of the Trace with respect to cellular or nuclear landmarks (i.e., Table 3 -
Trace Data table).

3) The results of Multiplexed RNA-FISH experiments conducted in parallel with the main Chromatin Tracing
experiment (i.e., Table 4 - RNA Spot Data) .

4) Supplemental Spot properties such as Quality metrics (i.e., Tables 5 - Spot Quality and 6 - RNA_Spot Quality)
and Physical coordinates (i.e., Tables 7 - Spot Biological Data and 8 RNA_Spot Biological Data) mapping the
position of bright Spots with respect to landmarks defining the architectural organization of the cellular and
nuclear space *'°.

5) Experimental results that are better captured at the global level of Cell (i.e., Table 9 - Cell Data; e.g., boundaries
and volume), Extracellular Region of Interest (ROI) (i.c., Table 10 - Extra-Cell ROI Data table; e.g., Tissue),
and Sub-cellular ROI (i.e., Table 11 - Sub-Cell ROI Data; e.g., Nuclear feature or Nucleolus)>¢-#-10:13:32:36,

6) The boundaries of individual Cells and other Extracellular and Sub-cellular ROIs that were identified as part of
the experiment (i.e., Table 12 - Cell/ROI Mapping).

In keeping with the modular nature of FOF-CT, all tables are organized in the same general manner and must include
two mandatory components: 1) a header section containing metadata fields, represented as key-value pairs providing
essential information about the experiment and table content and each occupying an individual header line; and 2) a column
section reporting the actual experimental results in a tabular format. The following rules apply to all table items: 1)
Metadata field (i.e., keys) and Column names must use the underscore as a word separator (e.g., RNA_A_intensity). 2)
Metadata fields and Columns can be required, conditionally required, or optional, where conditionally required items are
required only when certain conditions are met (e.g., ##intensity unit= is required any time an intensity metric is reported).
In the header section, each line is denoted by the hashtag symbol (i.c., #) and must contain an individual metadata field.
Specifically, three different types of header metadata fields are possible:

1) Human-readable metadata. These lines must be prefixed with “#” and use the #key: value format (e.g.,
#lab _name: name of the lab where the experiment was performed).

2) Mandatory machine-readable metadata. These lines must be prefixed with “##” and follow the ##key=value
format (e.g., ##FOF-CT _version=v(.1).

3) User-defined column description. These lines provide the name and description of optional, user-defined data
columns. Descriptions must be understandable and sufficient to ensure the interpretation and reproducibility of
the results. These lines must be prefixed with “#"” and follow the #”"key: value format (e.g.,
#"optional column_1: optional column 1 description).

In the column section, the first column must always be a relevant UID, such as Spot ID, Trace ID, Cell ID, etc. All
other columns must either be mandatory, depending on the table type, or provided at the user’s discretion and must be
mandatorily defined in the file header as described above. Unless specified, the column and row order is at the user’s
discretion. If an optional column contains no data (i.e., it is not used), it should be omitted.



To promote interoperability across different genomic modifications, FOF-CT provides instructions for reporting the
location of DNA Spots and Traces in case the genome under study contains insertions or deletions *. In summary, users are
required to provide the following information to relate the location of targeted genomic Segments with respect to the
modified genome: 1) a description of the nature and location of the genomic modification; 2) a supplemental Variant Call
Format (VCF) ! file to report the nature and location of the genome modification; 3) the name of the inserted or deleted
DNA fragment; and 4) the Start and End coordinates of the target chromosome Segment with respect to the insertion or
deletion.

4D Nucleome Data Portal published FOF-CT datasets

The 4DN data portal '°, part of the 4D Nucleome Data Coordination and Integration Center (DCIC), is a repository for
datasets generated within and outside the 4DN project. Currently, the portal hosts over 2679 publicly available datasets
generated using ~47 different sequencing assays and ~7 imaging techniques from at least 108 publications. Recognized by
unique 4DN identifiers, these datasets can be easily browsed, visualized, and freely downloaded from the 4DN data portal
(https://data.4dnucleome.org). The metadata from different studies, often in collaboration with the authors, is expertly
curated and standardized according to the established 4DN data schema and model (https://data.4dnucleome.org/help/user-
guide/data-model).

Figure 3 and Supplemental Table II supply a summary and detailed description, respectively, of 212 public imaging
datasets associated with 28 publications (27 available on the 4DN Data Portal and 1 available on IDR, see below) >¢#10:13-3-
4042434547762 that provide data in FOF-CT format and have been deposited either in the 4DN portal or the Image Data
Resource (IDR; see below). Each row refers to a group of datasets generated from a single publication. Importantly, the
table comprises datasets from both 4DN-affiliated laboratories and the broader community, demonstrating the widespread
adoption of the format beyond 4DN. The table comprises datasets generated by targeting various cells or tissues from
humans, mice, and fruit flies using Chromatin Tracing techniques, including multi-omic ORCA, Hi-M, MINA, MERFISH,
and seqFISH. The imaging results, regardless of the techniques used, are standardized by adhering to the FOF-CT format
(https://data.4dnucleome.org/resources/data-collections/chromatin-tracing-datasets). The processed files, along with the
curated metadata, follow the usual data submission and quality control process and are made available on the 4DN portal
(https://data.4dnucleome.org/microscopy-data-overview). Importantly this includes a detailed description of the hardware
configuration of each microscope that was used for image acquisition, which is provided in compliance with the 4DN-
BINA-OME-QUAREP (NBO-Q) Microscopy Metadata specifications °. A list of the Micro-Meta App produced
Microscope-Hardware JSON files associated with each publication is available in Supplemental Table III.

Imaging data submission of this type requires collaboration between data generators, subject matter experts, and data
curators and has led to significant advancements in developing data models, metadata schemas, and community-wide
accepted data exchange standards for imaging data. Recent packages for the analysis and post-processing of multiplexed
DNA-FISH data took a step in this direction by making FOF-CT one of their output and input formats (e.g. pyHiM,
traceratops or the Chromatin IMaging Analysis (CIMA) tool **?*. As a result, researchers can leverage quality-controlled,
standardized, and Al-ready datasets to effortlessly share and transfer data, perform large-scale, complex downstream
analysis, and generate visualization tools in a manner previously unattainable. Further evidence of widespread adoption of
FOF-CT is provided by the adoption of the format by third-party repositories such as IDR.

FOF-CT adoption by the OME Public Image Data Resource (IDR)

IDR is a public image repository with a focus on metadata to provide added value to imaging data for the scientific
community '®. This added value comes from the inclusion of experimental metadata, biomolecular annotations, and analysis
results that are linked to the image data via curation. Experimental metadata, such as the specimen, sample preparation, and
details of chemical or genetic perturbations, can be valuable to many users, as it allows them to understand and track specific
details of the work. Additionally, metadata on imaging modalities, as well as staining and/or contrast methods where
applicable, are essential for enabling the interpretation and analysis of any dataset. The curation of data in IDR can identify
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and correct errors, omissions, and inconsistencies in image data and metadata, which is an important step towards adhering
to the FAIR principles. Additionally, capturing and maintaining accurate metadata is essential to ensuring that data is
reliable, reusable, and accessible to the scientific community. Furthermore, standardized metadata is required to enable
users to better understand specialized terms and to allow meaningful comparisons with other datasets. This can be achieved
by utilizing controlled vocabularies, such as common terms from public ontologies. IDR utilizes standardized ontologies
to link datasets and facilitate establishing data connections within and between databases.

Bioimaging is a highly innovative field, and several new methodologies combine imaging with FISH-based nucleic acid
detection to explore chromatin conformation and gene expression. IDR has to date received two submissions that include
multiplexed FISH omics data, Payne et al. '*, and Mota et al. *%, highlighting the need for consistent annotation to facilitate
the reuse of this data alongside other FISH omics studies. IDR collaborated with the 4DN FISH omics team to incorporate
the FOF-CT standardized terms into the analysis results tables, which correspond to the Core FOF-CT table (see the example
table at https://idr.openmicroscopy.org/webclient/omero_table/43412838/). These tables are assigned a unique namespace
in IDR, allowing all such tables to be retrieved via the IDR’s API. Tabular data in IDR can be queried by values in the
rows, supporting the search for Spots according to Chromosome position, image coordinates, and other attributes. The
Spot ID refers to a Shape identifier in IDR that can be used to view the spot in a multi-dimensional image viewer (see
example at https://idr.openmicroscopy.org/iviewer/?shape=7219651). The IDR team encourages the submission of
additional datasets annotated with FOF-CT terms to enhance the community’s access to publicly available FISH omics data.

The widespread adoption of FOF-CT facilitates data sharing and empowers downstream
visualization and analysis of 4DN imaging data

Adopting the FISH-Omics Format for Chromatin Tracing (FOF-CT) establishes a standardized framework that ensures
the integration and re-analysis of Chromatin Tracing datasets from diverse protocols, sample types, and data modalities. By
enforcing structured metadata and consistent coordinate representation, FOF-CT enhances data reuse and facilitates
meaningful comparisons across studies and laboratories, thereby supporting cumulative efforts to build larger and more
integrative datasets. Notably, the ongoing deposition of FOF-CT-compliant datasets, with over 100 datasets from 20
publications within a four-year period, reflects growing community engagement.

The development of structural inference and detection methods is a practical example of the value of standardized,
shareable Chromatin Tracing data. For instance, Jia et al. ** re-analyzed multiple ball-and-stick Chromatin Tracing
experiments >'° to introduce a spatial genome aligner for chromatin trace reconstruction that accounts for copy number
variations and aneuploidy. Building on early work in chromatin trace reconstruction **, this tool opens new avenues for
exploring chromatin architecture in genomically complex samples. Similarly, Lee et al. developed SnapFISH, a
computational approach for detecting chromatin loops across Chromatin Tracing experiments at different genomic
resolutions, considering pairwise chromatin interaction data. Their method was validated across multiple datasets *%'*%,
underscoring the power of standardized data formats to facilitate robust cross-study analyses.

In addition, the availability of standardized, shareable Chromatin Tracing datasets has enabled the development of
imputation strategies to address missing data, an inherent limitation in high-resolution Chromatin Tracing experiments. Due
to limited detection efficiency, particularly in protocols with multiple hybridization rounds, most ball-and-stick datasets
with sub-30 kb genomic resolution report detection rates below 80% &7-'347%_Initial imputation efforts relied on local
smoothing strategies, such as averaging pairwise distances across neighboring loci ° or across single cells **, and coordinate
interpolation from adjacent spots . While effective in specific contexts, these approaches are limited in their ability to
capture global structural features.

Recent advances exploit the growing number of publicly available datasets to improve imputation performance.
SnapFISH-IMPUTE *’ identifies similar chromosomal conformations across cells to reconstruct missing loci while
preserving local features and global heterogeneity. In parallel, ImputeHiFI *® integrates Chromatin Tracing with orthogonal
single-cell modalities (Hi-C, RNA-seq, RNA FISH) to inform imputation based on multimodal similarity. Together, these

7



tools exemplify how increased data sharing enables more sophisticated analysis pipelines and deeper insights into 3D
genome architecture.

The availability of single-cell Chromatin Tracing datasets has opened new avenues for the development of quantitative,
data-driven 3D genome modeling, for instance, to generate ** and validate *® chromatin folding models at multiple genomic
scales. These models help bridge the gap between experimental imaging data and population-level chromatin conformations.
As more Chromatin Tracing datasets become available in a harmonized format, they will increasingly support the integration
of experimental measurements into predictive and mechanistic 3D genome models.

Efforts to standardize Chromatin Tracing data also enable new tools for interactive visualization. The Nucleome
Browser »°, originally developed for IDR data, is being explored for integration with FOF-CT datasets on the 4DN Data
Portal. Such tools will enhance interactive exploration of Chromatin Tracing data across studies.

The FOF-CT format has the potential to be a powerful tool for searching, visualizing, analyzing, and re-analyzing
Chromatin Tracing data, advancing our ability to investigate the spatial organization of chromosomes and gain a mechanistic
understanding of 3D genome function.

Conclusions

The primary objective of the 4DN project is to expedite the dissemination of technological and scientific advances by
sharing its developed tools and generated data openly and unhindered with the broader community. In genomics, data
sharing is already well-established, with sequencing data routinely disseminated using standardized file formats such as
FASTQ ', Browser Extensible Data (BED) *, Sequence Alignment/Map (SAM) '”!, and Variant Call Format (VCF) °'. As
a prerequisite for peer review, most journals enforce strict policies for raw sequencing data—such as RNA-seq, ATAC-seq,
or ChIP-seq— requiring adherence to standards set by initiatives like the Encyclopedia of DNA Elements (ENCODE), the
Global Alliance for Genomics and Health (https://www.gad4gh.org/), and the Open Chromosome Collective (Open2C) and
their deposition into public repositories like the Gene Expression Omnibus (GEO) or Sequence Read Archive (SRA). This
ensures data transparency, reproducibility, and long-term accessibility, which have become standard expectations in
genomics research. Similarly, in structural biology, the sharing of protein structure data through standardized formats
(Deutsch, 2012) and deposition in the Protein Data Bank (PDB; https:/ www.wwpdb.org/) has become an integral part of
the research pipeline. The value of these standardized, open-access resources is well-documented: they foster collaboration,
accelerate discovery, and drive the development of novel analytical and visualization tools. A striking example of their
impact is the 2024 Nobel Prize in Chemistry ', which recognized breakthroughs in computational protein design and
structural prediction—advancements that relied heavily on large, high-quality, and standardized datasets for training
predictive algorithms.

However, no such uniform requirement exists for imaging data. As a result, imaging data is often summarized in figure
panels without providing access to the underlying data. Consequently, FISH-based image data are not yet routinely made
publicly available upon publication, despite their critical role in elucidating chromatin architecture and its implications for
gene regulation, development, and disease. The field is rapidly evolving, with an expanding repertoire of FISH Omics
techniques, including LoopTrace '®'%, Genome Oligopaint via Local Denaturation (GOLD) FISH '%, Nanoscopy-
compatible Oligonucleotides with dyes in Variable Arrays (NOVA) probes '*’, Tn-5FISH ' FRET-FISH ', or pooled
genetic screening methods such as Perturb-tracing °'. However, this rapid growth also raises concerns about data
fragmentation, underscoring the urgent need for shared, extensible, and interoperable exchange formats to integrate diverse
datasets into a unified framework.

To address this challenge, the 4DN Imaging Working Group developed FOF-CT, a standardized format designed to
facilitate high-quality FISH Omics data production and FAIR data exchange '"’. Its modular architecture ensures
adaptability to both established and emerging multiplexed FISH techniques, making it a versatile solution for the field. The
impact of FOF-CT has been profound: since its introduction, adoption has surged, as evidenced by the exponential increase
in FOF-CT-compliant datasets deposited in the 4DN Data Portal and on the IDR (Figure 3; Supplemental Table II). Its
utility extends beyond 4DN-affiliated laboratories, with independent research groups and public repositories like the OME
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IDR integrating the format into their workflows. This widespread acceptance highlights both the unmet need that FOF-CT
addresses and its pivotal role in advancing 3D genomics research.

The development of FOF-CT represents more than a technical milestone—it signifies a maturation of the DNA FISH
omics field. By establishing a common language for Chromatin Tracing data, FOF-CT has eliminated interoperability
barriers, fostered collaboration, and accelerated computational innovation. In doing so, it has emerged as the gold standard
for multiplexed DNA FISH data, ensuring that the full potential of this transformative technology can be realized.
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Figure 1: Schematic Representation of the 12 tables comprising the FISH Omics Format for Chromatin Tracing.
The FISH Omics Format for Chromatin Tracing (FOF-CT) format consists of 12 individual tables capturing different aspects
of Chromatin Tracing data. A full description of the format can be found on ReadTheDocs (https://github.com/4dn-
dcic/fish_omics_format). Displayed here is a summary in which individual tables are represented as boxes whose number
and short name is indicated in the upper right corner of the box. The core of the format is the DNA-Spot table (1 core),
which defines chromatin traces as ensembles of individual DNA-FISH bright Spots (Supplemental Table I - Glossary).
Additional tables support the integration of this core information with complementary data, including raw data (2), trace
information (3), quality metrics (5), and physical coordinates to place Spots/Traces within the cellular context (7, 10, 11,
12). The format also accommodates multiplexed RNA-FISH results (4, 6, 8). Submitting a dataset requires the core Spot
table, while additional quality metrics and biological properties associated with individual Spots are recommended.
Demultiplexing and trace information are optional, and all other tables are conditionally necessary depending on the

experiment.
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Figure 2. Anatomy of the Core FOF-CT table and connection to other data tables. An example of a Core Table, with the first 5 traces corresponding to 3
cells, is shown. Examples of additional tables are shown as well, connected to the Core table by a corresponding variable column (e.g., Spot ID connects the Spot
quality table to the Core table, and Cell _ID connects the Sub-Cell ROI table to the Core table). Only the top few rows of each example table are shown (table data
will continue further below). Mandatory columns are shown with their name in bold, and optional columns are shown in italics.
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Figure 3. Adoption and impact of the FOF-CT standard on publicly available datasets and publications. Since its
introduction, the FOF-CT standard has driven a substantial increase in compliant datasets and publications (Supplemental
Table II) deposited in the 4DN Data Portal and the Image Data Resource (IDR), demonstrating broad community adoption.
(Top) Number of FOF-CT—compliant publications available through the 4DN Data Portal (n = 27) and the IDR (n = 1;
project link: [IDR project 2251]). (Bottom) Number of deposited FOF-CT—compliant datasets in the 4DN Data Portal (n =
203) and the IDR (n=9; project link: [IDR project 2251]). Note: Jia et al., 2022 did not generate new datasets but re-analyzed

data from Takei et al., 2021 (Nature) and Takei et al., 2021 (Science).



Supplemental Material

The following Supplemental Material is available with this publication.

Supplemental Table I - Glossary of Terms
List of terms used in the main text and their description. Abbreviations: BED, Browser Extensible Data; CT, Chromatin
Tracing; BS, Backstreet; MS, Mainstreet.

Supplemental Table I1: List of FOF-CT compatible datasets and publications that are publicly available on the 4DN
Data Portal and IDR
Detailed summary of FOF-CT compatible publications and associated datasets that are made available to the public as part

of this publication.

Supplemental Table I11: Community-driven microscopy Metadata specifications compliant Hardware description of
the microscopes used to produce published FOF-CT publications and datasets

Location on the 4DN Data Portal of the Microscope-Hardware JSON file(s) describing the 4DN-BINA-OME-QUAREP
(NBO-Q) Microscopy Metadata specifications™* compliant configurations of the microscopes used to produce the indicated
datasets. These Microscope JSON files were produced using the Micro-Meta App software and can be viewed and compared
on the 4DN Data Portal using the Micro-Meta App user interface.




Supplemental Table I: Glossary of Terms

Name

Description

Alternative names

Targeted Region
Targeted Segment

Oligo Target

Targeting Oligo
Sequence

Target-Specific
Oligo

Multiplexed-FISH
Probe

Single-molecule
localization

Spot

Localization cloud

A genomic region that is targeted for imaging-based analysis

A segment of genomic DNA or RNA transcript into which the Targeted
Region is subdivided to enable imaging-based analysis. The size of the
Targeted Segment often determines the genomic resolution of the
analysis.

This is the target sequence for the Target-Specific Oligo. The list of Oligo
Target sequences are typically stored in a BED file and are used to
costruct the oligo library. Thus if the library has 1000 unique Target-
Specific Oligos, there would be 1000 unique OligoTarget sequences.

This is the section of the Target-Specific Oligo sequence that anneals to
the Oligo Target.

This oligonucleotide binds to a unique Oligo Target sequence and is
typically made up of three parts: (1) Targeting Sequence — located in the
center, complementary to the target. (2) Mainstreet Oligo Sequences
(MS) — one or more sequences positioned upstream (5' side) of the
Targeting Oligo Sequence. These are usually named, from 5' to 3"
Universal MS (UMS), MS1, MS2. (3) Backstreet Oligo Sequences (BS) —
one or more sequences positioned downstream (3’ side) of the Oligo

Targeting Sequence. These are usually named, from 3' to 5": Universal BS

(UBS), BS1, BS2.

This is the pool of multiple (i.e., dozens to thousands) individual Target-
Specific Oligos, which when combined in a Chromatin Tracing (CT)
experiment allow a Targeted Segment to be identified univocally and
detected.

The sub-pixel localization of each detected emission event of a single-
molecule fluorophore.

The centroid fitting of the imaged Spot of a detected fluorescence signal.
In ball-and-stick CT imaged Spots reflect the totality of detected
fluorescent signal from multiple individual fluorescennce-emitting
molecules (i.e., fluorophores). Thus in ball-and-stick CT “there is an
actual correspondence between the number of targeted genomic
segments and the number of imaged spots."

A cluster of single-molecule localizations, each representing the
fluorescence signal emitted by an individual fluorophore.

For example, in volumetric CT, single-molecule localizations from
fluorophores bound to target-specific oligos directed against the same

targeted segment are grouped into a single localization cloud. Such clouds

can contain anywhere from tens to thousands of individual localizations,
enabling computation and analysis of the occupied volumes and overlap
fractions at each step.

Locus, DNA region
DNA region, RNA sequence,
chromosomal segment

Target Annealing Sequence; Region of
homology to the DNA or RNA target,
genome homology region.

Oligopaint oligo

Imaged spot, bright spot, DNA/RNA
spot

Localization cluster

Legend: List of terms used in the main text and their description. Abbreviations: BED, Browser Extensible Data; CT, Chromatin Tracing;
BS, Backstreet; MS, Mainstreet.




Table lI: List of FOF-CT compatible datasets and publications that are publicly available on the 4DN Data Portal and IDR

Nr. Reference [b]e]] # of FOF- FOF-CT Experiment Sets URL FISH Omics FISH Omics Biological Target Target Main Target Notes
CT Data Type Technique sample it chr /! I
Datasets (organism) (specimen) (RNA,DNA,

1 Wang, S. et al. Spatial organization of chromatin domains and compartments in single https://doi.ora/10.112 |5 https:/data.4dnucleome.org/publications/6162d287-5782-4f40-  ball-and-stick- ball-and-stick H. sapiens IMR90 Chr20. Chr21, DNA
chromosomes. Science 353, 598-602 (2016). 6/science.aaf8084 aacd-d5da75f0770e/#expsets-table CT chromatin tracing Chr22, and ChrX

2 Bintu, B. et al. Super-resolution chromatin tracing reveals domains and cooperative 10.1126/science.aaut |10 https:/data.4dnucleome.org/publications/e6451832-8312-4e74-  ball-and-stick ball-and-stick H. sapiens IMR90, K562, Chr21 DNA
interactions in single cells. Science 362, (2018). 783 bd74-742801f726e1/#expsets-table chromatin tracing A549, HCT116

3 Mateo, L. J. et al. Visualizing DNA folding and RNA in embryos at single-cell resolution. 10.1038/s41586-019- |7 https:/data.4dnucleome.org/publications/6c007db6-3eba-41d8-  ball-and-stick Optical Reconstruction D. melanogaster; embryo; dm3[bithorax DNA
Nature 568, 49-54 (2019). 1035-4 9d50-cb7e7c0584 1f/#expsets-table of Chromatin M. musculus mESC complex (BX-C);

4 Liu, M. et al. Multiplexed imaging of nucleome architectures in single cells of mammalian 10.1038/s41467-020- (1 https:/data.4dnucleome.org/publications/fc9e5d2a-39c9-4c37-  ball-and-stick Multiplexed Imaging of M. musculus fetal liver tissue  mmChr19 DNA
tissue. Nat. Commun. 11, 2907 (2020). 16732-5 8fba-e077532bca74/#expsets-table CT Nucleome sections

5 Sawh, A. N. et al. Lamina-dependent stretching and unconventional chromosome 10.1016/j.molcel.2020 (7 https:/data.4dnucleome.org/publications/996fc79a-65e1-4527-  ball-and-stick ball-and-stick C. elegans embryo 2-40- ceChr5, ceChr1 DNA
compartments in early C. elegans embryos. Mol. Cell 78, 96-111.e6 (2020). -.02.006 9e7b-0c4b8b9d7511/#expsets-table chromatin tracing cells

6 Su,J.-H., Zheng, P., Kinrot, S. S., Bintu, B. & Zhuang, X. Genome-Scale Imaging of the 3D https://doi.ora/10.101 |3 https:/data.4dnucleome.org/publications/bd20862a-7c4c-4a95-  ball-and-stick High-resolution; H. sapiens IMR90 High- DNA, RNA,
Organization and Transcriptional Activity of Chromatin. Cell 182, 1641-1659.626 (2020). 6/j.cell.2020.07.032 9721-e880181da2d4/#expsets-table DNA-MERFISH resolution[Chr2  Proteins

7  Cheng, Y., Liu, M., Hu, M. & Wang, S. TAD-like single-cell domain structures exist on both ~ 10.1186/s13059-021- |9 https:/data.4dnucleome.org/publications/9c1ed2e4-0c1d-48c1-  ball-and-stick ball-and-stick H. sapiens IMR90, HTERT-  Active and DNA
active and inactive X chromosomes and persist under epigenetic perturbations. Genome 02523-8 85fb-atl psets-table CT chromatin tracing RPE1 Inactive X
Biol. 22, 309 (2021). Chromosomes

8 Huang, H. et al. CTCF mediates dosage- and sequence-context-dependent transcriptional ~ 10.1038/s41588-021- |5 https:/data.4dnucleome.org/publications/4f766397-5ead-416e-  ball-and-stick multiplexed FISH M. musculus mouse Embrionic mmChr3 DNA
insulation by forming local chromatin domains. Nat. Genet. 53, 1064—1074 (2021). 00863-6 b891-1c95391dcd77/#expsets-table CT Stem Cell

9  Takei, Y. etal. Integrated spatial genomics reveals global architecture of single nuclei. 10.1038/s41586-020- (1 https:/data.4dnucleome.org/publications/745502f5-4f9b-41f5- ball-and-stick DNA Sequential M. musculus mESC mmChr1-19, RNA, DNA,
Nature 590, 344-350 (2021). 03126-2 afb4-a8e95d317e58/#ex -table CT Fluorescence In Situ ChrX Proteins

10 Takei, Y. et al. Single-cell nuclear architecture across cell types in the mouse brain. Science 10.1126/science.abj1 |1 https:/data.4dnucleome.org/publications/e01653ae-2783-458a-  ball-and-stick DNA Sequential M. musculus brain mmChr1-19, RNA, DNA,
374, 586-594 (2021). 966 89c5-be2da572c9f8/#expsets-table CT Fluorescence In Situ ChrX Proteins

11 Llimos, G. et al. A leukemia-protective germline variant mediates chromatin module 10.1038/s41467-022- (2 https:/data.4dr org/pl c4200-5443-460f-9f1c- ball-and-stick ORCA H. sapiens homozygous Chr17 DNA
formation via transcription factor nucleation. Nat. Commun. 13, 2042 (2022). 29625-6 2f8092¢: table CcT REF (GM12282)

12 Mota, A., Schweitzer, M., Wernersson, E., Crosetto, N. & Bienko, M. Simultaneous 10.1038/s41597-022- |9 http://idr.openmicroscopy.org/webclient/?show=project-2251 Single-allele  miFISH H. sapiens RPE Chr1, Chr2, DNA #
visualization of DNA loci in single cells by combinatorial multi-color iFISH. Sci Data 9, 47 01139-2 pair-wise Chr10
(2022). distance

13 Jia, B. B., Jussila, A, Kern, C., Zhu, Q. & Ren, B. A spatial genome aligner for resolving 10.1038/s41587-022- |* not https://data.4dnucleome.org/publications/04€04160-bbda-4e5b-  * not re-analysis of 0 n/a n/a n/a
chromatin architectures from multiplexed DNA FISH. Nat. Biotechnol. 41, 1004—1017 (2023). 01568-9 applicable |8d34-3e9c8f460e97/#expsets-table applicable published FOF-CT

datasets

14 Murphy, S. E. & Boettiger, A. N. Polycomb repression of Hox genes involves spatial 10.1038/541588-024- |5 https:/data.4dnucleome.org/publications/17cdOdce-562¢c-49ad-  ball-and-stick ORCA M. musculus embryonic brain - mmChr6 DNA, RNA

feedback but not domain compaction or phase transition. Nat. Genet. 56, 493-504 (2024).  01661-6 beca-0101c0f8c1dc/#expsets-table CT tissue, ESCs,
embryonic

15 Hafner, A. et al. Loop stacking organizes genome folding from TADs to chromosomes. Mol.  10.1016/.molcel.2023 |33 https:/data.4dnucleome.org/publications/1433f4f6-792e-4ec8-  ball-and-stick ORCA M. musculus mESCs, mESCs  mmChr3,mmChr DNA, RNA,

Cell 83, 1377-1392.e6 (2023) .04.008 b966-206a0b1d5ff0/#expsets-table depleted of Proteins
CTCF, mESCs

16 Chen, L.-F. et al. Structural elements promote architectural stripe formation and facilitate 10.1016/j.molcel.2023 |5 https://data.4dnucleome.org/publications/8d89b44d-1fae-447f-  ball-and-stick ORCA H. sapiens H9 hESCs diffto  Chr17 DNA, protein
ultra-long-range gene regulation at a human disease locus. Mol. Cell 83, 1446-1461.e6 .03.009 8115-6a93eda5919d/#expsets-table CNCCs
(2023).

17 Hung, T.-C., Kingsley, D. M. & Boettiger, A. N. Boundary stacking interactions enable cross- 10.1038/s41588-023- |1 https:/data.4dnucleome.org/publications/3a910b1f-5fd7-4684-  ball-and-stick ORCA M. musculus embryonic limbs  mmChr13 DNA
TAD enhancer-promoter communication during limb development. Nat. Genet. 56, 306-314 0164 b2a5-e6f2! psets-table
(2024).

18 Patterson, B. et al. Female naive human pluripotent stem cells carry X chr with  10.1126/sciadv.adf22 |21 https:/data.4dnucleome.org/publications/2fab6d6e-0c82-4ce4-  ball-and-stick ball-and-stick H. sapiens HPSC ChrX DNA
Xa-like and Xi-like folding conformations. Sci. Adv. 9, eadf2245 (2023). 45 872d-9e69af521936/#expsets-table CcT chromatin tracing

19 Liu, S. et al. Cell type-specific 3D-genome organization and transcription regulation in the https://doi.org/10.112 (3 https://data.4dnucleome.org/publications/de7e2893-e23f-4331-  ball-and-stick DNA and RNA M. musculus mouse brain whole genome DNA, RNA
brain. Sci. Adv. 11, eadv2067 (2025). 6/sciadv.adv2067 899f-888ee267e3a9/#expsets-table CT MERFISH (RNA MERFISH

20 Messina, O. et al. 3D chromatin interactions involving Drosophila insulators are infrequent  https://doi.ora/10.103 (2 https://data.4dnucleome.org/publications/52f8c 166-d604-47c0-  ball-and-stick Hi-M D. Melanogaster Nuclear-cycle 14 dmChr2 DNA A
but preferential and arise before TADs and transcription. Nat. Commun. 14, 6678 (2023). 8/s41467-023-42485- 8590-b44c787a89fe/#expsets-table embryos

21 Tastemel, M. et al. Context-dependent and gene-specific role of chromatin architecture https://doi.org/10.110 |11 https:/data.4dnucleome.org/publications/7b338c4e-a510-41ff-  ball-and-stick ball-and-stick M. musculus F123-CASTx129 mmChr3 DNA, RNA
mediated by histone modifiers and loop-extrusion machinery. bioRxivorg (2025) 1/2025.02.21.639596 b65a-389b1e270c97/#expsets-table CT chromatin tracing with Sox2 tags

22 Le,D.J,, etal Super-enhancer interactomes from single cells link clustering and https://doi.org/10.110 (2 https:/data.4dnucleome.org/publications/805bb891-8958-4221-  ball-and-stick ball-and-stick M. musculus ES-E14TG2a multiple DNA
transcription. bioRxiv (2024) 1/2024.05.08.593251 941d-d3be90a109e0/#expsets-table CT chromatin tracing

23 Jensen, C. L. et al. Long-range regulation of transcription scales with genomic distance ina 10.1016/i.molcel.2024 (3 https:/data.4dnucleome.org/publications/0a8a0fdd-eafe-44f3- ball-and-stick ball-and-stick M. musculus R1mESCs mmChr5 DNA
gene-specific manner. Mol. Cell 85, 347-361.e7 (2025) .10.021 b7a4-744b50a98b16/#expsets-table chromatin tracing

24 Gutnik, S., et al. Multiplex DNA fluorescence in situ hybridization to analyze maternal vs. 10.1186/513059-024- |6 https://data.4dnucleome.org/publications/1453b156-6de5-438d-  ball-and-stick ball-and-stick C. elegans embryo 2-40- chrs DNA
paternal C. elegans chromosomes. Genome Biol. 25, 71 (2024). 03199-6 b41a-6ffa53fc57f5/#expsets-table CcT chromatin tracing cells

25 Jay, A. et al. Single-allele chromatin tracing reveals genomic clustering of paralogous https://doi.org/10.110 (1 https://data.4dnucleome.org/publications/ebc8c69e-3e8b-477f-  ball-and-stick ORCA M. musculus Double-positive T chr9 DNA
transcription factors as a mechanism for developmental robustness in T cells. bioRxivorg 1/2025.05.30.656885 b7e6-0d7e75a188f4/#expsets-table CcT cells
(2025)

26 Liu, M. et al. Tracing the evolution of single-cell cancer 3D genomes: an atlas for cancer https://doi.org/10.110 (22 https://data.4dnucleome.org/publications/e83173f7-95e4-40ad- ball-and-stick ball-and-stick M. musculus LUAD, PDAC All 20 mouse DNA, Proteins
gene discovery. bioRxiv (2024) 1/2023.07.23.550157 9748-e13b2a518fc6/#expsets-table chromatin tracing; autosomes
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Legend:

# To visualize the FOF-CT compatible datasets associated with this publication, navigate to individual Datasets, Click on Attachments and Click on the "Eye" icon next to the DatasetX.bed file. Example: https://idr.openmicroscopy.org/webclient/omero_table/43412838/
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Listed here are the location on the 4DN Data Portal of the Microscope-Hardware JSON file(s) describing the Open Microscopy Model (OMM) compliant configurations of the microscopes used to produce the indicated datasets.
These Microscope JSON files were produced using the Micro-Meta App software and can be viewed and compared on the 4DN Data Portal using the Micro-Meta App user interface.
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