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Abstract

Motivation: Modern computational biology relies heavily on command-line tools that underpin analytical workflows, yet
integrating these tools into R-based analyses poses substantial challenges for reproducibility, especially for researchers
with limited computational expertise. While R excels at statistical analysis and visualization, its native capabilities for exe-
cuting external commands remain rudimentary, lacking structured integration, environment management, and reliable
cross-platform support.

Results: To address these limitations, BLIT, an R package, provides a unified framework for seamless command-line inte-
gration within R, enabling R users to invoke external tools in an intuitive manner. Rather than positioning itself as yet an-
other workflow manager, BLIT emphasizes the robust encapsulation and coordination of command-line tools, enabling
users to construct reproducible analysis pipelines without leaving the R environment. BLIT encapsulates command-line
programs as R6 objects with dynamic validation, Micromamba-based environment management, and native piping sup-
port. This makes BLIT a direct bridge between R scripts and heterogeneous command-line ecosystems, replacing fragile
system() calls with a robust, standardized framework that supports conditional execution and single-machine parallel
computing, with the capability to hand off constructed command workflows to HPC schedulers or workflow engines for
large-scale execution. Although designed for bioinformatics, BLIT offers a general, platform-agnostic solution for con-
structing reproducible analytical pipelines within R.

Availability and implementation: BLIT is available on CRAN (https://cran.r-project.org/package=blit) and on GitHub
(https://github.com/WangLabCSU/blit).

commands and external programs remain cumbersome, and its
pathway for handling biomedical big data is often less straightfor-
ward, particularly in scenarios requiring cross-tool coordination

1 Introduction

The field of biomedical research is undergoing a paradigm shift

driven by the explosive growth of data generated by high-
throughput sequencing, multi-omics profiling, and advanced
single-cell technologies (Liu et al. 2025). These features present
significant computational challenges. Navigating such complex-
ity often involves labor-intensive operations: switching between
specialized tools, coordinating data formats, and managing
fragmented workflows. This manual process is time-consuming,
error-prone, and limits reproducibility.

Within this context, R has become central for statistical analysis
and visualization in biomedical data science. However, R exhibits
key limitations: native mechanisms for invoking system

and potential scaling to large computational workloads.

These challenges are amplified within a fragmented computa-
tional landscape. Bioinformatics workflows typically rely on a
combination of technologies, each with distinct strengths but
creating an interoperability gap: command-line tools (including
widely used Python and Perl scripts) excel at batch processing
and stream manipulation but are challenging for non-specialists
to use, particularly when attempting to integrate them into R-
based workflows due to complex parameter syntax, the need to
understand redirection logic, and difficulties debugging opaque
error messages; R provides powerful statistical analysis and
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visualization capabilities but offers relatively limited native sup-
port for integrating external tools, often requiring additional
scripting when coordinating large-scale external computations.
This fragmentation forces researchers to constantly switch envi-
ronments, reformat data, and debug complex pipelines
(Williams et al. 2024). More critically, this ecosystem fragmenta-
tion contributes to profound methodological inconsistencies
and a reproducibility crisis, as was revealed through inter-
laboratory comparisons in microbiome analysis by O’Sullivan
et al. (2021). These limitations are not simply workflow-level
inconveniences but stem fundamentally from the difficulty of in-
tegrating heterogeneous command-line tools into R in a repro-
ducible and structured way.

To address these issues, unified frameworks are imperative to
combine technological strengths while hiding underlying com-
plexity. While existing R packages like processx (Csardi and
Chang 2025) provide low-level process execution, they often
lack higher-level abstractions for structured command construc-
tion and workflow composition. Motivated by this need, we de-
veloped BLIT, an R package that seamlessly integrates
command-line tools (including Python and Perl scripts) into R
workflows. It is designed to address the challenges R users face
in organizing and managing external commands and to provide
a convenient path for single-machine parallel computing within
R, with the ability to hand off constructed command workflows
to dedicated workflow managers or HPC schedulers for large-
scale execution. By abstracting commands into composable
objects and supporting the direct conversion of native R data
structures into command-line inputs, BLIT significantly reduces
system integration complexity and provides a novel solution for
building robust, scalable bioinformatics pipelines. Specifically,

BLIT extends R’s command-line interface capabilities, providing
a command-centric abstraction that can also serve as a
foundational building block for more complex workflows
when needed.

2 Tool description

2.1 Design philosophy and overview

The development of BLIT follows a clear technical trajectory
(Fig. 1): it begins with the implementation of a core R6-based
command engine for shell command translation and pipeline
chaining. Building upon this foundation, the project employs
bibliometric analysis to identify and prioritize high-impact bioin-
formatics tools. Finally, prebuilt wrappers are developed for
these prioritized tools [e.g. SAMtools (Li et al. 2009)], integrated
with the lightweight Micromamba environment for seamless
support of the Conda/Bioconda (Grlining et al. 2018) ecosystem.
This process ensures cross-platform reproducibility and
improves the readability and maintainability of analyti-
cal workflows.

2.2 Tool prioritization via bibliometric
screening and community signals

To ensure BLIT addresses critical bioinformatics needs, we
employed a structured, dual-perspective approach for prioritiz-
ing command-line tools for wrapping. We established a data-
driven tool prioritization strategy through a two-phase process.
First, we compiled an initial candidate dictionary of approxi-
mately 60 command-line bioinformatics tools (Table 1, available
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Figure 1 BLIT design architecture.
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as supplementary data at Bioinformatics Advances online).
Subsequently, we evaluated these tools from dual perspectives:
academic impact and community adoption. Academic impact
was quantified by analyzing publication frequency (2022-24) in
the Europe PMC database using a custom R script (Table 2, avail-
able as supplementary data at Bioinformatics Advances online),
with search queries combining tool names and qualifiers like
“bioinformatics” to minimize ambiguity. Community adoption
was assessed via GitHub stars and Bioconda download trends.
By synthesizing these metrics, we generated a prioritized list
(Table 3, available as supplementary data at Bioinformatics
Advances online) organized into Genomics, Transcriptomics, and
General tools, detailing usage frequency, category, and descrip-
tions. This workflow ensures BLIT’s development aligns with
both academic relevance and practical utility.

2.3 An object-oriented framework for
command composition and execution

At the heart of BLIT lies an object-oriented framework designed
to bridge the gap between R and shell environments. As illus-
trated in Fig. 2, the complete workflow begins with environment
configuration and proceeds through command construction to
flexible execution. The framework reinterprets native R pipeline
operators (%>% and |>) as Unix-style pipes (|), allowing users
to construct intuitive, shell-like workflows directly within R. This
automatic translation preserves the readability and chaining
syntax of tidyverse-style R code while enabling transparent
interoperation with complex command-line processes.

The core of BLIT’s command-line interaction is an R6-based
object-oriented framework. Its core function, exec(), encapsu-
lates a command-line tool and its arguments into a structured R
object, rather than a traditional string. For instance, exec
(“samtools,” “view,” “-bS,” “input.sam”) creates an executable
command object. This paradigm shift yields a fundamental ad-
vantage: commands become first-class citizens in the R environ-
ment that can be safely manipulated, composed, and
passed around.

Specialized wrapper functions (e.g. samtools()) built upon
exec() provide simplified interfaces for common tools. These
functions inherit the core object model, enhancing usability
while preserving the flexibility and transparency of the underly-
ing commands.

Command execution builds upon this object model. cmd_run
() handles sequential execution, while cmd_parallel() leverages
parallel backends such as the future framework for concurrency.
Crucially, because commands are objects, complex composition
patterns become a natural extension of the design. Users can
combine multiple commands into a sequential sub-pipeline us-
ing R’s native pipe operator (|>), then process multiple instan-
ces of this sub-pipeline object concurrently. This pattern
implements a nested execution pattern, coordinating sample-
level parallelism with internal sequential steps. A unified execu-
tion interface ensures consistent behavior across modes.

Note on Scalability: The cmd_parallel() function is designed
to provide a convenient interface for parallel execution on a sin-
gle multi-core machine, forming a user-friendly command-or-
chestration layer. It is important to note that BLIT does not
include native integration with cluster schedulers or job
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Figure 2 Workflow of the BLIT package.
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prioritization. For large-scale workloads requiring scheduling
across nodes, command sequences constructed with BLIT can
be handed off to dedicated workflow managers or HPC schedu-
lers. Users should also be mindful of resource constraints: po-
tential CPU oversubscription (when commands are themselves
multi-threaded), 1/0O contention from many concurrent pro-
cesses, and operating system limits on processes or file descrip-
tors. These can be managed by configuring the global worker
count and per-command thread parameters appropriately.

For example, the following code demonstrates how to exe-
cute an internal serial analysis pipeline (QC, alignment, sorting)
in parallel for multiple samples:

build_sample_workflow <- function(sample) {
exec("fastp", "-i", paste@(sample, ".fastq"),
"-o", "/dev/stdout") |>
exec("bwa", "mem", "REF_GENOME", "-") |>
exec("samtools", "sort", "-o0", paste@(sample,
" _sorted.bam"))

}

samples <- c("samplel", "sample2", "sample3")
sample_workflows <- lapply(samples, build_sam-

ple_workflow)

cmd_parallel(!!!sample_workflows)

Unified interfaces ensure predictable behavior across execu-
tion modes, minimizing errors and easing transitions between
exploration and production. This enables developers to con-
struct complex, reproducible pipelines in a concise and intui-
tive manner.

2.4 Modular environment management
and declarative workflow control

BLIT ensures computational reproducibility through robust envi-
ronment management, built on the lightweight Micromamba en-
gine—the statically linked, self-contained executable version of
Mamba. This foundation enables fast dependency resolution
with minimal overhead and seamless installation and execution
of tools from the Conda/Bioconda ecosystems across platforms.

Building on this environment foundation, BLIT provides mod-
ular environment configuration utilities. The cmd_wd() function
allows specification of working directories for scoped command
execution, while cmd_envvar() and cmd_envpath() manage cus-
tom environment variables and dynamic path resolution. These
abstractions ensure reliable invocation of external binaries
across user-defined directory trees and shared computing
environments.

Core Micromamba operations are directly accessible. The
install_appmamba() function deploys Micromamba binaries,
cmd_condaenv() dynamically configures environment path vari-
ables within Conda environments, and appmamba() executes
environment operations such as creation. After initializing

environments via appmamba(), users can seamlessly execute
bioinformatics tools within these managed environments using
BLIT’s workflow functions.

Workflow logic is enhanced by schedule expressions. Lifecycle
callbacks are supported through hooks like cmd_on_start() and
cmd_on_exit() for pre/post tasks, and cmd_on_succeed() or
cmd_on_fail() for conditional branching, fault tolerance, and er-
ror reporting. This mechanism enables the design of reproduc-
ible, fault-resilient workflows that automatically handle
edge cases.

3 Comparison

3.1 The advantage of exec() over system()

R’s native system() and system2() functions require users to con-
struct commands as monolithic strings, a paradigm that
becomes critically fragile in complex, real-world scenarios.
Consider a data processing workflow combining piping and file
redirection: compressing a file, piping its stream to another pro-
cess for decompression, and redirecting the output to a new file.
Implementing this with system() necessitates crafting an error-
prone string with correct escaping for all special characters:

# The BLIT approach: Intuitive, robust, and com-

posable

tmpdir <- tempdir()

filel <- tempfile(tmpdir = tmpdir)

writelLines(letters, con = filel)

file2 «<- tempfile()

exec("gzip", "-c", filel) |>
exec("gzip", "-d", ">", file2) |»

cmd_run(stdout = "|")

While packages like glue (Hester and Bryan 2024) provide
readable string interpolation, BLIT advances the paradigm fur-
ther: its exec() function abstracts commands into structured,
composable R objects. The same complex operation is repre-
sented as a series of intuitive, composable elements, with BLIT
automatically and reliably handling the underlying piping and
redirection logic.

The core contribution is that exec() establishes an extensible,
object-oriented abstraction layer. This layer serves as the com-
mon foundation enabling BLIT’s three integrated capabilities:

o Native Integration with R Operators: Command objects can
be directly composed using R’s pipe (|>) and redirection (>)
operators, with BLIT automatically handling the underlying
shell semantics translation.

e A Vehicle for Standardized Logging and Hooks: The object
lifecycle provides a unified attachment point for execution
hooks like cmd_on_start() and cmd_on_exit().
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e A Foundation for Seamless Environment Management:
Command objects can be dynamically associated with BLIT’s
environment management features, ensuring execution
within the correct dependency context.

Thus, exec() transforms command-line interaction from ad-
hoc string manipulation into an engineering practice based on
predictable, composable, and decoratable objects, providing a
unified foundation for reliable CLI integration within R.

3.2 Positioning within the workflow
management ecosystem

BLIT’s design addresses a specific need within the existing tool
ecosystem. It is not a competitor to workflow managers like tar-
gets (Landau 2021), Nextflow (Di Tommaso et al. 2017), or
Snakemake (Koster and Rahmann 2012) but plays a complemen-
tary role. These powerful workflow managers excel at task-level
orchestration—managing complex dependencies, job schedul-
ing, and computational resource scaling for large workloads. For
R users, however, the initial phase of constructing and validating
command-line steps often occurs interactively within environ-
ments like RStudio. BLIT is designed for this phase: it transforms
command-line tools into structured, callable R objects, enabling
users to build and test execution logic using native R syntax and
interactive debugging. This makes BLIT a command-
orchestration layer with developer efficiency as its advantage,
ideal for interactive prototyping and lightweight analysis within
the R environment.

# The system() approach: Fragile, non-intuitive,
and error-prone

tmpdir <- tempdir()

filel <- tempfile(tmpdir = tmpdir)
writelLines(letters, con = filel)

file2 <- tempfile()

system_cmd <- paste@("gzip -c '", filei, "' |

gzip -d > '", file2, "'")

system(system_cmd)

Critically, this R-native approach significantly lowers the bar-
rier to entry. Users proficient in R and basic shell commands can
immediately productively use BLIT, without first learning the ad-
ditional specialized syntax of workflow tools. It is important to
reiterate that BLIT’s concurrency model is designed for single-
machine parallelism, in contrast to the distributed, multi-node
scaling capabilities of full-featured workflow managers.
Furthermore, the command logic developed and validated in
BLIT can be exported as standalone scripts, which can then be
integrated as R script within larger Snakemake or Nextflow pipe-
lines, thereby combining the agility of BLIT for prototyping with
the robustness of established managers for production scaling.

It should be noted that while BLIT excels in command-level in-
tegration and interactive use, we acknowledge certain limita-
tions compared to established workflow managers. Specifically,
checkpoint and resume capabilities remain under active devel-
opment in BLIT. These features are particularly important for
managing workflows with extended execution times.
Meanwhile, we recognize that established platforms like
Snakemake and Nextflow benefit from robust and extensive plu-
gin and community ecosystems. As a newer tool, BLIT’s ecosys-
tem is still in its early stages of growth. Consequently, fostering
BLIT’s own community and extension ecosystem is a key priority
on its future development roadmap.

A detailed comparative table is available in Table 4, available
as supplementary data at Bioinformatics Advances online), ana-
lyzing various dimensions systematically to clarify their distinct
design philosophies and suitable application scenarios.

4 Implementation

4.1 Systematic testing and performance
optimization

BLIT’s robustness was validated through unit and integration
testing of core R6 components, as well as empirical evaluation
on clinical RNA-seq datasets. Redundant attributes in command
objects were removed to reduce memory usage and improve ex-
ecution speed. Continuous integration on GitHub Actions
ensures cross-platform consistency, while parallelization and
caching mitigate performance bottlenecks. These measures col-
lectively ensure that BLIT is a reliable and user-friendly system,
adaptable to diverse bioinformatics workflows.

To further validate BLIT’s completeness and engineering
value in real-world complex scenarios, we performed a com-
plete, production-ready functional re-implementation and engi-
neering encapsulation of an open-source, modular, and
community-utilized medium-complexity circRNA analysis pipe-
line using BLIT. This case study (original: https://github.com/
OncoHarmony-Network/circrna-pipeline; BLIT version: https://
github.com/WanglLabCSU/BLIT-circrna-pipeline, archived at
Zenodo: https://doi.org/10.5281/zen0d0.18920617) integrates
cross-platform  environment management, heterogeneous
scripting languages (Bash, Python), and multi-step data analysis
(quality control, alignment, circRNA identification, result aggre-
gation). It systematically demonstrates BLIT’s capabilities in uni-
fied dependency management, safe execution of external
commands, seamless bridging of multi-language components,
and constructing clear, reliable pipeline logic. This reimplemen-
tation not only proves BLIT’s capability to handle real
production-grade pipelines but also provides empirical evi-
dence, through code comparison, of its substantial benefits in
enhancing readability, maintainability, reproducibility, and low-
ering the barrier for R users to leverage command-line tools.

The stable operation log of this pipeline over tens of hours on
a real dataset (RNA_phs003316, Nguyen et al. 2023) is provided
as Table 5, available as supplementary data at Bioinformatics
Advances online, further confirming its reliability and resource
management capabilities in a production setting.
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4.2 Custom tool wrapping and
community-driven extension

BLIT supports extensibility through make_command(), which
enables contributors to define new wrappers by instantiating
customized R6 classes with execution logic, environment con-
trol, and parameter validation. Its modular, open-source design
lowers barriers for collaboration: developers can propose or
contribute tool wrappers via issue tracking, fostering an inclu-
sive ecosystem that drives community engagement and sustain-
able tool evolution.

4.3 Native R object as command-line
inputs

BLIT enables native R data structures to serve directly as inputs
for command-line tools through its R6 class-based mechanism.
Specifically, BLIT creates a dedicated R6 class wrapper for spe-
cific command-line tools like gistic2 (Mermel et al. 2011). When
the user calls the wrapper function and passes in an R data-
frame, the wrapper automatically handles data validation, seri-
alization format conversion, temporary file management, and
other underlying operations. For instance, when calling gistic2
(my_dataframe, ...):

1) BLIT first validates that my_dataframe is a proper data
frame object.

2) It then serializes the data frame into the tab-separated for-
mat required by gistic2 and writes it to a temporary file.

3) It automatically constructs the gistic2 command-line argu-
ments with the correct file paths.

4) Upon command completion, it automatically cleans up the
temporary files.

This mechanism fundamentally eliminates the need for man-
ual file conversion, preserves memory data integrity, and
ensures seamless interoperability between R and shell
toolchains.

5 Conclusion

BLIT significantly lowers barriers for biomedical researchers by
unifying command-line workflows within R’s native environ-
ment. The package ensures cross-platform reproducibility
through Micromamba and enables intuitive pipeline construc-
tion using R-native piping. By focusing on structured command
encapsulation rather than high-level workflow scheduling, BLIT
establishes a robust and transparent bridge between R analysis
and external bioinformatics tools. This command-line integra-
tion strategy differentiates BLIT from alternative solutions, pre-
serving the full power of native command-line tools while
providing R’s usability advantages. It should be noted that
checkpoint-resume functionality is currently under development
in BLIT, and its community ecosystem is still in early stages—
both areas represent key priorities for future development. We
anticipate BLIT to serve as a foundational layer bridging R-based

statistical workflows with command-line bioinformatics tools,
enhancing accessibility for the broader life science community.
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