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As the field of single-cell genomics continues to develop, the generation of large-scale scRNA-seq
datasets has become more prevalent. Although these datasets offer tremendous potential for
shedding light on the complex biology of individual cells, the sheer volume of data presents significant
challenges for management and analysis. Off late, to address these challenges, a new discipline,
known as “big single-cell data science,” has emerged. Within this field, a variety of computational
tools have been developed to facilitate the processing and interpretation of scRNA-seq data. However,
several of these tools primarily focus on the analytical aspect and tend to overlook the burgeoning
data deluge generated by scRNA-seq experiments. In this study, we try to address this challenge and
present a novel parallel analytical framework, scSPARKL, that leverages the power of Apache Spark

to enable the efficient analysis of single-cell transcriptomic data. scSPARKL is fortified by a rich set of
staged algorithms developed to optimize the Apache Spark’s work environment. The tool incorporates
six key operations for dealing with single-cell Big Data, including data reshaping, data preprocessing,
cell/gene filtering, data normalization, dimensionality reduction, and clustering. By utilizing Spark’s
unlimited scalability, fault tolerance, and parallelism, the tool enables researchers to rapidly and
accurately analyze scRNA-seq datasets of any size. We demonstrate the utility of our framework and
algorithms through a series of experiments on real-world scRNA-seq data. Overall, our results suggest
that scSPARKL represents a powerful and flexible tool for the analysis of single-cell transcriptomic
data, with broad applications across the fields of biology and medicine.
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Single-cell RNA sequencing (scRNA-seq) has transformed our understanding of cellular biology by enabling
the study of gene expression at the resolution of individual cells. Unlike bulk RNA-seq, which assumes cellular
homogeneity within a tissue, scRNA-seq has revealed that cells within the same tissue can exhibit substantial
heterogeneity. This cellular diversity plays a crucial role in driving phenotypic variation across tissues and
biological systems!. An advantage of scRNA-seq over traditional bulk sequencing, is the identification of rare cells
in the same tissues based on various cell features which were unknown earlier?. It also permits a more in-depth
examination of processes such as development and differentiation of cells®. This enhancement in resolution,
however, comes at the expense of increased technical noise and biases®. This implies that pre-processing, quality
control, and normalization are essential for a thorough analysis of scRNA-seq data®.

Additionally, the advancement in cell profiling techniques and rapid cost drops, has led to the sequencing
millions of cells parallelly. Modern scRNA-seq technologies, such as those from 10x Genomics, routinely
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generate datasets containing hundreds of thousands of cells, each with expression profiles spanning over 20,000
genes®. The Illumina HiSeq, another next-generation sequencing platform, can alone generate 100 GBs of raw
transcriptomics data’. This results in extremely sparse, high-dimensional matrices that demand considerable
computational power for downstream analysis®®. Preprocessing steps such as quality control, normalization,
dimensionality reduction, and clustering are computationally intensive, and traditional tools often struggle to
handle such datasets on commodity hardware. Furthermore, as the field of genomics advances, the atlas projects
such as Human Cell Atlas!® are expected to generate vast amounts of data, often measured in terabytes. To
address this, a growing interest has emerged in the field of “big single-cell data science,” which aims to adapt
distributed computing tools to biological data’. The development of robust computational methods and big data
tools to overcome these hurdles is essential for realizing the full potential of scRNA-seq in various biomedical
applications, including cancer research, developmental biology, and personalized medicine!!. Frameworks such
as Apache Spark and Hadoop offer a robust foundation for scalable and fault-tolerant data processing, yet their
integration into bioinformatics pipelines remains limited'2.

Despite the availability of powerful computational tools, there remains a lack of Spark-native frameworks
specifically tailored to large-scale scRNA-seq analysis. Most existing pipelines, including popular tools such as
Seurat!® and Scanpy', rely on in-memory data structures and are constrained by available RAM, limiting their
ability to scale to datasets in the range of hundreds of thousands to millions of cells.

In this work, we present scSPARKL, a modular, Spark-based analytical framework designed for scalable,
parallel, and memory-efficient analysis of scRNA-seq data. The pipeline implements parallel routines for data
reshaping, quality control, filtering, and normalization, while seamlessly integrating common downstream tasks
such as dimensionality reduction and clustering. We demonstrate its effectiveness through the reanalysis of real-
world datasets and benchmarking on varying dataset sizes to evaluate performance gains under different Spark
configurations. To the best of our knowledge, this is the first attempt to leverage the computational power of
Apache Spark and the efficient data storage capabilities of Apache Parquet to develop a framework specifically
tailored for downstream analysis of large-scale scRNA-seq data, enabling seamless execution even on commodity
hardware.

Related work

The rise of single-cell RNA sequencing (scRNA-seq) has sparked a boom in generating genomic data, bringing
forth some complex computational challenges. Researchers have been exploring a variety of techniques and
frameworks to deal with the vast scale and complexity of scRNA-seq datasets effectively. This breakthrough
technology in genomics, single-cell RNA sequencing (scRNA-seq), has truly advanced up the field by allowing
us to peek into gene expression at the individual cell level, triggering a wave of genomic data like never before!.
With this surge in data volume comes a set of tough computational hurdles, thanks to the intricate nature of
scRNA-seq datasets, packed with high dimensionality, sparsity, and noise!®. To tackle these challenges head-
on, researchers have proposed a number of techniques and frameworks, all aimed at efficiently handling the
massive scale and complexity that comes with analyzing scRNA-seq data!”. These strategies cover a wide range
of computational methods, from slicing down dimensions with techniques like principal component analysis
(PCA) and t-distributed stochastic neighbor embedding (t-SNE)8, to clustering algorithms like k-means and
hierarchical clustering and even diving into the realm of machine learning with approaches like deep learning
for identifying cell types and inferring trajectories'®. These methods are the key players in unraveling the
intricate biological dances captured in scRNA-seq data, paving the way for a deeper dive into the world of
cellular diversity and dynamics within the intricate web of biological systems.

The adoption of big data analytics tools like Apache Spark has significantly enhanced the processing
and analysis of large-scale genomic datasets. Apache SparK’s distributed computing capabilities have been
instrumental in handling the vast amounts of genomic data efficiently?’. Studies have showcased SparK’s
scalability, fault tolerance, and memory management advantages in genomic data analysis, making it a preferred
choice for researchers?!. In the realm of single-cell RNA sequencing (scRNA-seq) data analysis, Spark has been
leveraged to create scalable pipelines and tools tailored to the unique challenges of analyzing individual cell
transcriptomes.

Glow, a brainchild of the Regeneron Genetics Center and Databricks, shines as an open-source toolkit built on
top of Apache Spark. It’s a nifty tool designed to bring together genomic and phenotypic data using turbocharged
algorithms for prepping genomic data, crunching numbers for statistical analysis, and diving into the world of
machine learning on a grand scale akin to a biobank. This toolkit steps up to the plate, tackling the hurdles of
handling hefty genomic datasets by offering a top-notch framework that speeds up the data engineering process
for storing and analyzing genomic data on a grand scale. Glow acts as a bridge, connecting the dots between
traditional bioinformatic toolkits and the modern data analytics landscape, paving the way for integrating
machine learning into vast health datasets that encompass genomic data and a myriad of phenotypes?.

While these existing frameworks and pipelines have been making great strides in tackling the computational
hurdles of genomic data analysis, the rapid growth and complexity of datasets keep pushing the boundaries of
scalability and performance. Moreover, the diverse range of experimental designs and analysis needs calls for
the creation of adaptable and personalized solutions that cater to specific research objectives. Our proposed
scSPARKL pipeline, aiming to introduce a fresh, scalable, and highly parallel computational framework for
handling large-scale scRNA-seq data. By making use of the power of Apache Spark and bringing in innovative
techniques for parallelization and optimization, scSPARKL aims to break through the constraints of current tools
and enable the efficient analysis of massive scRNA-seq datasets using everyday hardware setups. This innovative
approach underscores the ongoing commitment to crafting state-of-the-art solutions that can adeptly handle
the intricacies of modern genomic data analysis, ultimately leading to deeper insights into cellular diversity and
biological processes.
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Methods

Dataset description

To evaluate the usability and versatility of the scSPARKL pipeline, we reanalyzed three publicly available single-
cell RNA-seq datasets, each representing a distinct biological context and data structure:

Mouse brain non-myeloid cells

This dataset is part of the Tabula Muris Senis compendium, which profiles single-cell transcriptomes across 20
tissues from Mus musculus, comprising approximately 100,000 cells in total?’. For our analysis, we extracted
the subset of non-myeloid brain cells, which includes 3,401 cells with gene expression measurements for
23,433 genes. The accompanying metadata provides detailed annotations such as sub-tissue origin (cortex,
hippocampus, cerebellum, and striatum), cell ontology classifications, mouse ID, and sex.

Jurkat-293T cell mixture

This dataset, originally published by, contains 3,388 cells derived from a 1:1 in vitro mixture of human 293 T
and mouse Jurkat cell lines. The dataset was designed to distinguish between species-specific expression profiles.
Cells expressing CD3D were classified as Jurkat, while those expressing XIST were identified as 293T. This
dataset serves as a clear benchmark for evaluating interspecies separation and clustering accuracy.

68 K PBMC

To assess the pipeline’s performance on larger datasets and evaluate runtime scalability, we used the 68 K
Peripheral Blood Mononuclear Cell (PBMC) dataset, also from?* The dataset consists of single-cell transcriptomic
profiles collected from a healthy donor, encompassing a heterogeneous population of immune cells. This dataset
was used to generate random subsamples of increasing sizes (2 K to 10 K cells) for benchmarking temporal
performance.

Pipeline development

For development, we used Apache’s Spark version 3.1.2, Python 3.9 and JDK version 8.0. Apache Spark is a
distributed analytical engine made for handling big data. It provides an essential parallel processing platform for
large datasets®. Spark at its core uses an abstraction called Resilient Distributed Datasets (RDD), a read-only
collection of objects distributed across the cluster of machines, which can be recreated if one of the machines is
lost—fault tolerance!2. All the jobs are launched in parallel through a program called “driver program” which
also maintains the high-level flow control of the applications and jobs submitted to the executors (Fig. 1). Spark
uses in-memory concept i.e., it leverages Random Access Memory (RAM) of a machine and brings the data to
be processed directly to the RAM thereby increasing the response time by removing the time taken to fetch data
from a disc drive®.

The scSPARKL pipeline consists of 3 stages, algorithms for all the three stages (Pseudocode 1, 2, and 3) were
designed in such way that a normal commodity hardware will support the analysis, and a possible optimization
of spark is achieved. The stages are modular in nature supporting the variety of analysis. For a thorough
understanding of how the stages work internally we have designed a Data Flow Diagram (DFD) for each of the
stage (Supplementary Sect. 1).

Stage-1 preprocessing

Two exclusive Spark modules were developed for loading data and data filtering. The data_load.py package file
loads the data as a Spark dataframe and performs the initial preprocessing like removal of special characters
such as periods (.), commas (,), blank spaces etc., from the columns and replaces them with the underscore
(‘). The scRNA-seq data is usually in wide format and Spark has the ability to work better with tall/long
format data; hence for optimization, we reshape the data to the tall format using melt_Spark() function in the
pipeline, thereby reducing the columnar load and increasing efficiency. This step is essential for the users with
low memory machines (i.e., as lows as 4GB). The dataframe is then written as a Spark Parquet file. Apache
Parquet format is an open-source columnar storage file format which is based on “shredding and assembly
algorithm” It is designed to handle large and complex datasets for faster aggregation functions. The parquet
formatted file is compressed, which speeds up the further analytical procedures on the file. We mainly use
Apache Sparks aggregate functions, known for their quick retrieval and less computationally exhaustive/expen-
sive. Pseudocode-1 provides the detailed outline of the data cleaning and reshaping.

Scientific Reports |

(2025) 15:27713 | https://doi.org/10.1038/s41598-025-12897-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

=\
Spark Driver ‘

Works as an interpreter of
the spark commands, acts ‘ Prog ram
as an entry point
[ Spark Context ]

J/

Acts as a task scheduler,
resource allocator, and
monitors the workflow.

Cluster Manager

™\ W

Vorker 2 '\

(Execu!or1] (ExecutorZ] # 000
0= (= ) | (==m)

& A 4 W FE

Perform the actual task,
execute commands
from driver

1: Apache Spark workflow

Fig. 1. Apache Spark workflow. The Spark driver program works as a master and as an entry point for all the
Spark jobs. The master submits jobs to the worker nodes. The cluster manager keeps the track of the nodes,
and the jobs distributed to them, several cluster managers are Yet Another Resource Negotiator (YARN),
Kubernettes, mesos and standalone (in our case). The worker/slave nodes are the actual machines where the
tasks are executed, and they report back to the cluster manager.
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Pseudo Code 1: Stage-1
Require: expression count matrix in cell x gene format.
Output: Cleaned Matrix, Melted Matrix.

1: Input Matrix ?Minpu []][],

2:  Cleaned Matrix ?Cna[][]

3:  Clean Spark Dataframe >CSD, Spark Melted DataISMD
4: START

5. for Gene_name && Cell name in Minpu[][] do:

6: Cmar= regexp_replace(Minpu[][], special char to underscore)
7: end for

8:  if (is_wide(Cnaf][])==TRUE)

9: Tallmat [][]= melt_to_tall(Cnai/][], value vars, id)
10: Tallmaf][].repartition()

11:  endif

12:  Tallya.persist()

13:  Tallwa.collect() //actions

14:  CSD=storeAsParquet (Cma][])

15:  SMDF=storeAsParquet (Tallmaf][])

16:  Call stage 2

17: END

Stage-2 quality control
For the coherent and accurate downstream analysis of scCRNA-seq data, it is necessary to filter out low-quality
cells and genes. We followed “scater” package’, SCANPY!* and Seurat'? for generating variety of quality control
matrices. Quality matrix is calculated on number of parameters like total genes expressed per cell, percentage
of external RNA controls consortium (ERCC), number cells expressing genes greater than zero, mitochondrial
percentage detected in each cell etc. We also calculate the log measurements and mean measurements of
numerous parameters for the easier interpretation such that a good parameter threshold for cell and gene
filtering is defined.

If we have a cell/gene matrix Ay

Where.

i € {celll, cellZ, cell3, ey celln} <3

j € {gene,, gene,, gene., ..., gene, | then,

then ©, and ©, denote cell quality and gene quality summaries, respectively, can be given as following in the
Tables 1 and 2.

In addition to the normal filtering procedures, we have implemented a parallelly executable Median Absolute

Cell Quality Measure Symbol Description Formula

Total expression per cell Si Sum of expression values for all genes in cell i Si = 1A

Number of genes expressed per cell Gi Count of genes with non-zero expressionin celli | Gi = Z ;": 1 l(A,Lj >0)

Average gene expression in a cell AE; Mean expression across expressed genes in cell i AE; = c,% Z §:A;;>0A45

Total ERCC expression SFRCC Sum of all ERCC gene counts in cell i SiERCC = Z je ERCcCcAij

% ERCC expression PlERcC Percentage of ERCC expression in total expression PiERCC = (SiERCC / S; ) x 100
Total mitochondrial expression Si]\ r Sum of all mitochondrial gene counts in cell i SiM 7= E je MTAij

% Mitochondrial expression P Percentage of mitochondrial expression PMT = (S i / S; ) x 100
Loglp of total expression loglp (S:) Log-transformed total expression per cell loglp (S;) = log(S; + 1)

Loglp of ERCC expression loglp (Schc) Log-transformed ERCC counts loglp (Schc) = log(SiERCC +1)
Loglp of mitochondrial expression | loglp (SlMT) Log-transformed mitochondrial counts loglp (SIMT) = log(SMT + 1)

Table 1. O, summaries and formulas for cell quality.
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Gene Quality Measure Symbol Description Formula
. C . . . — n
Number of cells expressing the gene J Count of cells in which gene j is expressed C; = Z i1 1(Aij >0)
. T, . . — n ..
Total gene expression J Sum of expression values for gene j T; = Z 1A
Number of dropouts D; Number of cells where gene j is not expressed | D; = n — Cj
dr . .
Dropout percentage P; ror Percentage of cells with zero expression P;h P = (DJ / n) X 100
; _ 1
Mean expression in expressing cells Hi Mean of non-zero expression values K=< Z WAy >0A7ﬂj
Loglp of total gene expression loglp (T;) | Log-transformed total expression loglp (T;) = log (T; + 1)
Loglp of mean expression loglp (H j) Log-transformed mean expression loglp (;L j> = log (H jt 1)

Table 2. ©, summaries and formulas for gene quality.

Deviation (MAD) filtering methodology for filtering out the genes with a normalized count value greater than
a decided threshold (usually > 3). Pseudocode-2 outlines the overall procedure for computing cell and gene
quality measurements, while pseudocode-3 outlines the filtering process based on these quality summaries
along with subsequent steps of normalization, dimensionality reduction and clustering, which are described in
detail in the following sections.

Pseudo Code 2: Stage-2
Require: cleaned tall format matrix CTM
Output: cell quality summary, gene quality summary.

1: Cleaned_tall matrix 2 CTM, column_name 2> CN

2: Cell quality summary 2CQS, Gene_quality summary 2 GQOS,

3: Y @ € cell summary operations

4: V a € gene summary operations

5: V action € {Spark.sum(), Spark.avg(), Spark.mean() etc.}

6: START

7:  foreachi€ CN in CQS do:

8: COS =CQS.Withcolumn(CN, CTM.Spark.sql.when( © )

9: end for

10:  CQOS.groupBy(cell).agg(Spark.action(value, COS)) //Spark action
11:  for each new column name in GQS do:

12: GOS =CTM.withColumn(CN, Spark.sql.when( o) //transformation
13:  end for

14:  CQS.groupBy(cell).agg(Spark.action(key, value)) //Spark actions
15:  GQS.groupBy(gene).agg(Spark.action(key, value)) //Spark actions
16:  StoreAsCSVCQS

17:  StoreAsCSVGQS

18:  Call stage-3

19: END

Stage 3 normalization and dimensionality reduction

Due to the inherent sparsity and variability of single-cell RNA-seq (scRNA-seq) data, normalization is a critical
preprocessing step to ensure that downstream analyses reflect true biological signals rather than technical noise.
Proper normalization improves the comparability of gene expression across cells and enhances the accuracy
of clustering, dimensionality reduction, and differential expression analyses. The data_normalize.py module in
the scSPARKL framework currently supports two normalization methods: Quantile Normalization (QN) and
Global Normalization (GN).

In QN, the gene expression values across each cell is first ranked from lowest to highest, The data is arranged
according to the ranks of the rows. Across all cells, values at the same rank are averaged to form a new reference
distribution. These average values are then mapped back to each cell according to the original rank order. This
method helps standardize expression distributions across cells while preserving relative expression relationships
within each cell. It is particularly useful in making datasets with different expression scales more comparable.
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Global normalization, on the other, adjusts each cell’s total expression to a fixed scale (e.g., counts per 10,000),
followed by a log-transformation. This approach corrects for differences in sequencing depth and is commonly
used in standard scRNA-seq workflows. In this, we divide each expression value of a cell by the total number
of counts of a gene. The resultant value is then multiplied by 10,000 and log transformed with the addition of a
pseudo-count 1. Mathematically, if X, «m is an unnormalized filtered scRNA-seq matrix, then the Normalized
matrix Xy can be given as:

Xy ={ e—=kd 410,000 (1)
{Z i,gj:f)]g (2i,5) }

wherex € Xymn and 10,000 is a scaling factor

and this scaled normalized matrix is then log transformed as:
Xsn = (loglog (Xn)+1) (2)

where 1is a pseudocount.

Both normalization strategies are integrated into the Spark-based pipeline to support parallel execution and
efficient processing of large-scale datasets.

Dimensionality reduction

Dimensionality reduction is a key step in scRNA-seq analysis, aimed at projecting high-dimensional gene
expression data into a lower-dimensional space while preserving the underlying structure and relationships
among cells?. Due to the high dimensionality and sparsity of scRNA-seq data, conventional analysis methods
can be impacted by the “curse of dimensionality”—a phenomenon where the distance between data points
becomes less meaningful in high-dimensional spaces?’.

In this study, we employed three widely used dimensionality reduction techniques: Principal Component
Analysis (PCA), t-distributed Stochastic Neighbor Embedding (t-SNE), and Uniform Manifold Approximation
and Projection (UMAP). Among these, PCA is implemented using Spark’s MLIib library, allowing distributed
and parallel computation across nodes. This integration aligns with the design goals of scSPARKL to support
scalable, high-throughput analysis.

By contrast, UMAP and t-SNE are currently implemented using standard Python libraries and operate outside
the Spark execution engine. Nevertheless, these methods read input directly from intermediate Apache Parquet
files, benefiting from eflicient I/O and compatibility with Spark-generated outputs. While these steps are not
fully parallelized within Spark, their integration into the pipeline remains seamless and supports downstream
visualization and clustering workflows.

Clustering and further downstream analysis

A major advantage of single-cell RNA sequencing (scRNA-seq) lies in its ability to identify both known and novel
cell populations through unsupervised clustering®®. As single-cell profiling technologies continue to evolve,
improvements in capture efficiency have enabled the sequencing of millions of individual cells, giving rise to
increasingly large and complex datasets. This scale imposes substantial computational demands on clustering
algorithms used for cell-type discovery and classification?’.

To address this, scCSPARKL integrates the K-means clustering algorithm, which partitions a dataset of n
observations into k clusters (k < n) by minimizing the within-cluster variance. The algorithm operates iteratively,
first by randomly selecting k centroids and then by assigning each data point to the nearest centroid. This process
continues until convergence, resulting in compact and well-separated clusters.

To support informed selection of k, the pipeline includes both the elbow plot method and silhouette score anal-
ysis, allowing users to evaluate clustering stability and separation. Once clusters are defined, differential gene
expression (DGE) analysis is performed to identify genes that are most distinctively expressed between groups.
For this, we apply a two-sample t-test across clusters and rank the top 10 significant genes based on their p-val-
ues, providing an interpretable set of marker genes for downstream biological validation.
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Pseudo Code 3: Stage-3

Require: cleaned tall matrix, cell quality summary, gene quality summary.
Output: filtered matrix, normalized matrix.

1 Cleaned_tall_matrix > CTM,

2 Cell quality summary >CQS, Gene_quality _summary = GQOS,

3: filtered_matrix 2FM.
4
5

Vector _assembly = p
V u € normalization type
6: YV 0 Edimensionality reduction type

7. START

8: if (filter_cells == TRUE) do:

9: ercc_count = FM.contains(‘ercc’).count()

10: For each cell i in CQS, do:

11: filtered_cells = mapPartition(filter cells)
12: End for

13: endif

14: if (filter_genes == TRUE) do:

15: Jfor each gene j in GOS do:

16: filtered_genes = mapPartition(filter_genes)
17: End for

18: endif

19: if (filter _cells = = TRUE) do:

20: FM = CTM.inner_join(filtered_cells)

21: endif

22: if (filter_genes = = TRUE) do:

23: FM = CTM.inner_join(filtered genes)

24: endif

25: NM = normalize(FM, p ).collect()

26: p = reduce_dimensions(d , NM).collect()
27: apply Kmeans(p, k)

28: END

Results

The development and the execution of the pipeline was done on a Windows 11 OS, with 8GB RAM, intel i7
3.8Ghz processor with 8 cores. Table 3 provides the details of the hardware used in the experimentation. In
Single-node Spark, one machine was used as a worker and the other one as a master machine. In the 2-node
Spark environment, two machines were used as workers and one machine acted as a Master node. The memory
allocation was done statically where each executor was provided with 2 GBs of memory. The rest of the memory
is reserved for OS and Hadoop daemons.

The scSPARKL pipeline (Fig. 2) provides a promising approach for single-cell RNA sequencing (scRNA-seq)
data analysis. To our knowledge it is the first Spark-based computational and analytical framework for scRNA-seq
data, and leverages Spark’s core engine to enable parallel resource utilization, dramatically reducing processing
time. The pipeline efficiently performs a comprehensive suite of analyses, including data quality control,
filtering (Fig. 3a, b), normalization, dimension reduction, clustering, and visualization, in less than 10 min. Our
reanalysis results closely align with those presented by the original authors?® (Brain Non-Myeloid, n=3401)
and?* (PBMC, n=10000), with total computation time as low as ~8 min, demonstrating both the efficiency and
reliability of our approach. Importantly, the scSPARKL framework is fully open-source, providing the scientific
community with a powerful tool that can be freely accessed, modified, and extended to meet evolving research
needs. This open approach not only facilitates reproducibility but also encourages collaborative improvement
and adaptation of the framework for diverse scRNA-seq applications.

Envir t Master/Slave platform | Cumulative RAM | No. of Cores | Processor type
Python sequential | x 6GiB 4 i7, 11th gen
Single-Node Spark | v/ 6GiB 4 i7, 6th gen

2-Node Spark v 6+6=12GiB 8 i7, 5th gen and 6th gen

Table 3. Details of the hardware used in the experiments.
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2: General workflow of the scSPARKL pipeline

Fig. 2. General workflow of the scSPARKL pipeline. A complete, step-by-step description of each module is
provided in the Materials and Methods section.

ScSPARKL shows consistency with prior analyses

To validate our framework, we performed reanalysis of Brain Non-myeloid cells and Jurkat-293T Cell data
using scSPARKL. The outcomes of our analysis closely aligned with those of the original studies, demonstrating
comparable biological accuracy. The framework accurately differentiates between cell types, yielding results
consistent with those reported in the original studies. In the analysis of mouse brain non-myeloid cells, our
pipeline identified a predominant presence of oligodendrocytes and endothelial cells, mirroring findings from
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Fig. 3. Histogram of Gene and cell qualities. (a) Mouse Brain cells and (b) Jurkat T932 cells. These are used for
deciding the filtering thresholds, depending upon the nature of data as well as the biological question in hand.

prior work(Fig. 4a, b). Similarly, in the Jurkat-293T cell mixture, scSPARKL clearly distinguished between
mouse and human cells, effectively separating the two species in t-SNE space (Fig. 4c, d)., further validating the
biological accuracy of the pipeline.

Some observed outliers in the t-SNE plots (Fig. 4d) likely reflect differences in cell and gene filtering thresholds
as well as t-SNE parameter settings, which were kept at default for consistency across datasets. The default filter
parameters used during analysis included: percent_ercc>10%, percent_mito>5%, cells expressing< 10 genes,
genes expressed in < 3 cells, and dropout rate > 70%. These conservative thresholds were chosen to ensure minimal
manual intervention and to test the generalizability of the pipeline across datasets.

Additional UMAP plots supporting these findings are provided in the supplementary materials. Where
appropriate, we followed the specific preprocessing and analysis protocols outlined in the original studies to
enable direct biological comparison.

Clustering and concordance with annotated cell types

To assess the effectiveness of scSPARKL in identifying biologically meaningful groupings, we performed
unsupervised clustering on the processed datasets. The number of clusters (k) was determined empirically for
each dataset using a combination of the elbow method and silhouette analysis, which evaluate the variance
explained and inter-cluster separation, respectively. These methods ensured that the chosen k-values aligned
with both the underlying data structure and known biological annotations.

For quantitative validation of the clustering outcomes, we employed the Adjusted Rand Index (ARI)—a
widely used metric for comparing predicted clusters with ground truth labels while correcting for chance. As
shown (Fig. 5a, Supplementary Fig. S2-S5), the clustering results demonstrated varying degrees of concordance
with annotated cell types across the datasets.

IntheJurkat-293T cell mixture, scSPARKL achieved an ARI of approximately 0.90, indicating strong agreement
with the expected separation between human and mouse cells. This high score reflects the framework’ ability to
detect distinct transcriptomic signatures in datasets with clear species-specific boundaries. Additionally, for the
brain non-myeloid dataset, the ARI was approximately 0.50, suggesting moderate agreement with annotated cell
types. This result is consistent with the increased complexity and biological similarity among cell types in brain
tissue, where subtle transcriptional differences can make cluster resolution more challenging.

These results support the utility of scSPARKL for unsupervised cell-type identification and demonstrate its
capacity to produce clustering outputs that are in line with established biological expectations.
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Fig. 4. Comparison of scSPARKL with original studies. (a) tSNE projection for Brain Non-Myeloid data
processed with SCANPY. (b) Corresponding tSNE visualization of Brain Non-Myeloid cells generated with
scSPARKL. (c) Reference tSNE visualization for Jurkat Cell data from original author. (d) tSNE visualization of
Jurkat-239T Cells using scSPARKL. Legends are shared for panels (a) and (b), and separately for panels (c) and
(d).
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Fig. 5. Performance and Cluster evaluation. (a) Bar Plot representing the total time taken (in seconds) from
submitting the job to the final output i.e., clustering, for different data with different cell loads. Cells were
randomly sampled and chunked from 68 K-PBMC data. (b) ARI scores of Clustering results from Sequential
Standalone scRNA pipeline and scSPARK. (c) Bar Plot depicting the time (in Milliseconds) taken by each
process on different data sizes. All the processes shown in the plot are exclusively Spark based, running
parallelly on each core.

Apache spark and parquet improve execution and performance

We utilized the Peripheral Blood Mononuclear Cell (PBMC) dataset to evaluate the performance and scalability
trends of the scSPARKL pipeline. To systematically assess runtime behavior across increasing data volumes, we
generated five randomly sampled subsets containing 2,000, 4,000, 6,000, 8,000, and 10,000 cells, each comprising
over 30,000 genes.

Performance comparisons were conducted between scSPARKL and a sequential Python-based standalone
implementation (SSA) that replicated similar preprocessing and analysis functionalities. Benchmarking was
performed under three different computational environments: the SSA, a single-node Spark setup, and a two-
node Spark cluster. For the largest tested dataset (10,000 cells), scSPARKL processed the data in approximately
10 min on the two-node cluster and 13 min on the single-node Spark environment (Fig. 5b, ¢), compared to over
50 min required by the SSA. This corresponds to observed runtime improvements of approximately 80% and
74% for the two-node and single-node configurations, respectively.

Although the evaluation was limited to mid-sized datasets, the linear scalability trends observed across these
experiments are consistent with the expected behavior of Spark-based distributed processing. These results
suggest that scCSPARKL is well-positioned to handle larger datasets as computational resources are expanded. We
anticipate that increasing physical cores and RAM could potentially yield speed improvements exceeding 100x.

Performance analysis

To evaluate the computational efficiency and scalability of scSPARKL, we conducted a theoretical analysis of
the time complexity associated with each major component of the pipeline. These components include data
reshaping, quality control metric calculations, normalization (both quantile and global), dimensionality
reduction through PCA, clustering using k-means, and differential gene expression analysis. In a sequential
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environment, these operations often present significant computational bottlenecks, particularly as the number
of cells (N) and genes (G) grows. However, by leveraging Apache SparK’s distributed computing capabilities, we
are able to parallelize these tasks and distribute the load across multiple executor cores, thereby significantly
reducing the overall execution time.

Each operation was modeled mathematically to estimate its time complexity in both sequential and
parallelized Spark-based implementations. For instance, data reshaping and quality control scale as O (NG)
in sequential form, but are optimized to O(NG/P)when distributed across P Spark partitions. More
computationally intensive steps, such as quantile normalization and PCA, benefit even more from SparK’s in-
memory execution and lazy evaluation model. Collectively, the total computational complexity of the pipeline
under Spark optimization is expressed as:

2
Tyoras = O (NG+NGlogICD;+Nk +NEE 4 k3> 3)

where N is the number of cells, G the number of genes, k the number of principal components or clusters, T the
number of clustering iterations, C the number of clusters used in DGE, and P the number of Spark executors.
This equation reflects the direct benefit of parallelism and the linear reduction in processing cost as executor
resources increase. It is also indicative of the modular nature of scSPARKL—each stage independently benefits
from parallel execution without introducing additional overhead from interdependencies. A comprehensive
breakdown of these derivations, along with a log-log scaling visualization, is provided in Supplementary File
S1.
Our analysis revealed several optimization strategies:

1. Data Persistence: Utilizing the persist() function in Apache Spark to cache dataframes improved execution
time for processes such as generating quality summaries and filtering low-quality cells and genes. However,
this approach consumes significant executor RAM.

2. Data Storage Format: Employing the Parquet format for data storage proved advantageous, reducing shuf-
fle-read time.

3. Spark API Utilization: We leveraged the Spark DataFrame API and SQL functions instead of Resilient Dis-
tributed Datasets (RDDs). This approach mitigated issues related to Java serialization and garbage collection,
which can increase memory overhead in low-memory scenarios.

Implementation and deployment
scSPARKL is implemented in Python using PySpark and is designed to be lightweight, modular, and easy to
deploy on a wide range of systems. The framework can be executed on:

« astandalone machine using a local Spark session, or.
o adistributed multi-node Spark cluster for large-scale datasets.

To ensure accessibility for users, we provide clear instructions and environment configuration scripts for setting
up scSPARKL on machines with as little as 4 GB RAM and a 4-core processor. The source code, complete
installation instructions, and usage examples are publicly hosted on GitHub: https://www.github.com/asif7adil/
scSPARKL. This design philosophy ensures that scSPARKL is easy to install, scalable, and extensible, catering to
a broad range of users from data scientists to biologists with minimal programming expertise.

Discussion

The exponential growth of single-cell transcriptomic data has created an urgent need for efficient tools capable of
handling this data explosion. scSPARKL, was developed to address the Big Data characteristics of single-cell data,
offering a robust solution for processing and analyzing large-scale scRNA-seq datasets. By implementing Apache
Spark as the core engine, scSSPARKL ensures unbounded parallelism, fault tolerance, and rapid computation
of vast amounts of data. This approach sets our tool apart from established alternatives like Scanpy', which
relies on Pandas for data handling. The limitations of Pandas in processing terabytes of data and its lack of
parallelization capabilities highlight the novelty and scalability of our Spark-based approach.

Our pipeline incorporates several innovative features in its architecture and preprocessing stages. The
frameworK’s ability to handle both tall and wide format data, coupled with efficient data cleaning and quality
check processes, provides a flexible and user-friendly approach to scRNA-seq data analysis. The generation of
separate quality dataframes for cells and genes, stored as parquet files, facilitates mid-pipeline analytical entry
points and eliminates the need for repeated data melting. Additionally, incorporation of parquet as a storage
option further enhances the computational process. This indicates the usage of this storage format can be
essential in near future for efficient querying of scRNA-seq data. Furthermore, scSPARKL offers robust, parallel
normalization methods and flexible gene selection approaches. These features allow users to tailor the analysis
to their specific research needs while maintaining computational efficiency. The implementation of parallel
versions of dimensionality reduction techniques, including PCA, UMAP, and t-SNE, further enhances the
pipelin€’s versatility and performance.

While large-scale testing remains ongoing, the scSPARKL framework demonstrates strong potential for
efficient and scalable scRNA-seq data analysis. Its current performance on mid-sized datasets suggests it could
be a practical solution for handling larger single-cell transcriptomic datasets as computational resources allow.
Additionally, the open-source nature of scSPARKL also encourages community-driven improvements and
adaptations. However, a potential limitation of our framework is the substantial RAM requirement in standalone
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environments, particularly for post-normalization steps that necessitate wide format data. This challenge is
currently mitigated through data melting techniques, but further optimization is needed.

The present study primarily focuses on establishing the computational architecture, scalability, and modular
workflow of scSPARKL, we acknowledge the importance of benchmarking new tools against widely adopted
frameworks such as Seurat and Scanpy. These tools have become the gold standard for single-cell transcriptomics
analysis, particularly for their comprehensive biological functionality and integration with well-established
statistical workflows. However, it is important to highlight that scSPARKL was designed with a distinct emphasis
on handling Big Data scale scRNA-seq experiments using distributed computing paradigms—targeting scenarios
where traditional tools face memory bottlenecks or scalability limitations.

Because of the fundamental differences in infrastructure and optimization goals, a direct feature-by-feature
comparison may not yield a fair or meaningful evaluation without aligning runtime environments, data volume,
and hardware specifications. Nevertheless, we recognize that an evaluation of computational trade-offs —
including runtime efficiency, memory utilization, and biological concordance — across multiple platforms
would be valuable for end-users in choosing the appropriate tool for their datasets and infrastructure.

Although Apache Spark 3.0 supports GPU acceleration via RAPIDS-AI, the current version of scSPARKL
does not utilize this functionality. This decision was made to ensure compatibility with standard computing
environments, including academic and personal workstations. Our focus for this version was on maximizing
performance through CPU-based parallelism, data storage optimization, and efficient use of Spark’s native APIs.
Future releases of scSPARKL will explore optional GPU acceleration modules, and performance benchmarks
for those configurations will be made available accordingly. Furthermore, the future development will focus on
optimizing Spark cluster mode operations, where each node has separate memory allocation, this promises to
significantly increase processing speed and parallelism. As single-cell studies expand to include proteomic and
genomic levels (e.g., CITE-seq, scATAC-seq, and scBS-seq for single-cell methylation), we plan to develop Spark-
based pipelines for the integration of single-cell multi-omics data. This expansion will broaden the applicability
of scSPARKL across various biological and medical research domains.

In conclusion, scSPARKL represents a significant step forward in the analysis of single-cell transcriptomic
data. By leveraging the power of Apache Spark, our framework offers a scalable, efficient, and accurate solution
for processing large-scale datasets. As the field of single-cell genomics continues to evolve, scSPARKL is well-
positioned to adapt and grow, supporting researchers in unlocking new insights from increasingly complex and
voluminous single-cell data.

Conclusion

Considering the unprecedented accumulation of scRNA-seq data over the past few years, we have developed a
parallel computational framework that offers an intuitive and user-friendly approach to data management and
subsequent analysis procedures. Our framework is a viable alternative to existing tools that lack scalability and
fault tolerance, since the majority rely on pandas, which can collapse and stutter as data size exceeds 50GBs.
By utilising Apache Spark at its foundation, we ensure that our framework can process terabytes of data at a
breakneck pace. With the advent of single-cell studies at the proteomic and genomic levels (e.g., CITE-seq,
scATAC-seq, and scBS-seq for single-cell methylation), we plan to develop Spark-based pipelines for the
integration of single-cell multi-omics data.

Major findings

Our framework represents a major advancement in the analysis of single-cell transcriptomic data, with broad
applications in the disciplines of biology and medicine. The implementation of Apache parquet format in the
pipeline gave an additional boost up to the analysis, suggesting that Apache Parquet can be a good alternative
to other file formats in the field. Additionally, an interesting finding and a possible hypothesis for the future is
that the Apache spark shows a contrasting improvement in execution time when the dataset size is increased,
indicating that the single-cell data accumulation, on a multi-omics scale, can be managed by developing the big
data-based pipelines.

Data availability
The framework implementation and the source code, using PySpark, can be found on following: https://github.
com/asif7adil/scSPARKL.
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