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Abstract

Even though the bigger eukaryotic genomes can now be accurately sequenced, assembling multiple short sequence reads in-
to a genome assembly de Novo is still quite difficult. There is a necessity to find the best suitable assembler for assembling
high coverage short Illumina reads. Among the currently available assembly algorithms, De Bruijn and OLC graph-based as-
semblers are widely accepted and used by researchers. We selected 4 De Novo genome assembly tools — Celera assembler,
Soap de novo, AbySS and SPAdes which are freely available and suitable for sequence assembling of short reads generated
by the Illumina HiSeq sequencing platform. To compare the performance of each assembler, genome assembly was generat-
ed from Illumina HiSeq —based short sequence reads of buffalo (Bubalus bubalis). We compiled the results from 12 assem-
blies generated using different K-mer sizes in the four different assemblers. The efficiency of each assembler was evaluated
based on maximum memory usage, maximum time, maximum CPU usage etc. The final output file from the assemblers
were taken to evaluate the accuracy based on different parameters like N50, number of contigs, total length etc. OLC-graph
based Celera assembler was found to be more efficient in producing a primary draft assembly. While coming to accuracy,
De Bruijn-graph based SOAPdenovo and OLC based Celera assembler was performing almost equally. Finally, the complete-
ness of assembly generated from each assembler was also evaluated. The results from the present study will aid in the selec-

tion of suitable assembling platform for generating best quality genome assembly of large domestic animal genomes.

Keywords: Assembly Algorithms: Illumina Short Reads: Genome Assembly: De Novo Genome Assemblers: Eukaryotic

Genome.
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Introduction

Based on the species, type of data and computational resources available, the bioinformatics pipeline needed for the downstream
processing need to be verified and standardised. Exploration of available computing options and their optimisation is necessary
for improving the efficiency of the pipeline and for saving time [1]. To reduce computing requirements without affecting the over-
all result's quality, it is necessary to perform a preliminary assessment of the resources. This is because different laboratory facili-
ties and conditions vary. This analysis need not be performed in all individual phases, only in those that are rate limiting and have
an overall effect. This phase, known as the primary assembly in the case of a de Novo genome assembly, involves picking the assem-

bly software that will produce the best results for each type of read by comparing its accuracy and computing efficiency.

With the advancement in bioinformatics, numerous genome assemblers with different underlying platforms became easily accessi-
ble. Widely used assembly algorithms include De Bruijn graph [2], and OLC graph [3]. The de bruijn graph-based assemblers con-
vert the reads into smaller fragments of length k. k-mers are identified, and a de Bruijn graph with (k-1)-mers as nodes and k-
mers as edges is drawn. A Eulerian path is traced through this network resulting in the reconstruction of the original genome se-
quence. Short reads of even less than hundred base pairs are assembled mainly with the aid of de Bruijn graphs. But it has also
been employed with longer reads [4]. De Bruijn graph is the principle behind the assembly softwares like Euler-SR [5], Velvet [6],
ABySS [7], and SOAP De Novo [8]. One of the advantages of the de Bruijn graph over OLC is that it consumes less computational
time and memory. In the earlier periods of introduction of de Bruijn graph, it was mostly used in smaller prokaryotic genomes. Up-
on continuous revisions and introduction of new DBG based assemblers it is now successfully used for building higher eukaryotic
genome assemblies. There are some combined assemblers like MaSuRCA assembler [9], which can use both de Bruijn graph and

the overlap-layout consensus methods.There are many assembly pipeline evaluation programs conducted from time to time. The

GAGE (Genome Assembly Gold-standard Evaluations) study was designed to evaluate how the latest genome assemblers work on
a sample of large-scale next-generation sequencing projects [10]. This evaluation was based on short Illumine reads considering

14" chromosome of Homo sapiens as the representation of large eukaryotic genome. But the efficiency parameters and a complete
large eukaryotic genome was not included in the study. Other assembly comparison programs were dnGASP (De Novo Genome
Assembly Project) [11] and Assemblathon [12]. Assemblathon compared performance of different denovo genome assemblers in
large eukaryotic genomes including bird, fish and snake using data from multiple sequencing platforms. The key metrics was em-

phasizing on assembly parameters only. But it is very important to include efficiency parameters since assembling short reads is a

computationally demanding process [13]. The Assemblathon evaluation concluded that Genome assembly software that performs

well on one organism performs poorly on another. It is always wise to test several approaches; different software, assembly with or

without pre-processing of the sequence data, and different parameter settings.

Developing a eukaryotic genome assembly de novo, particularly from short reads, presents several challenges, including fluctua-
tions in sequencing depths, the presence of sequencing errors, and substantial computational demands. Many leading assemblers
address the first challenge by implementing an average coverage cutoff threshold to trim areas with lower coverage [14]. Address-
ing sequencing errors involves employing polishing techniques, utilizing alternative information for correction [15]. However, se-
lecting the assembly process with the least computational demand necessitates a preliminary study, the outcomes of which may
vary based on the specific characteristics of the data. As the high throughput short read sequencing technology improved, which is
now capable of generating higher coverages, new and modified short read assemblers differing in assembly processes to tackle high-
er memory requirement were developed. SOAPdenovo, released as SOAP (short oligonucleotide alignment program) is known for
the faster short read alignment. It uses Compressed data structure (FM index data structure) [16], which can handle large data vol-
ume. ABySS works using Message Passing Interface and reduces the computational demand. High performance computer clusters

are used by the Celera Assembler for parallel processing to cut down on processing time [17].

Despite being a prominent member of the Bovidae family, the buffalo genome has received less attention. Although the Indian sub-

continent is home to a sizable share of buffalo genetic resources, most of them are currently less explored and non-descript. As an
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example of one of India's least-explored buffalo genomes, we attempted to create a primary level assembly of the Bhadawari buffa-
lo genome here. In the genome assembly pipeline, the primary genome assembly is a suitable node for diverting to either scaffold-
ing by incorporating additional data (long reads, HiC, optical), gap filling by reference genome, or directly to downstream analysis

depending on the completeness.

With the Bhadawari breed of buffalo as an example, the objective of this work was to examine the effectiveness of selected denovo
assembly tools suited for assembling large eukaryotic genomes. Since primary assembly is the first step and will serve as a bench-
mark for the chosen assemblers, we only moved on to that stage. Additionally, as paired Illumina reads are often generated and af-
fordable for most labs, we limited this analysis to using them as the input for each assembler. The analysis of the study's findings
can be used to choose the tool that will produce the denovo genome assembly the fastest, the tool that will require the least amount
of computational efficiency and can be tailored to different laboratories, and the tool that will produce the best completeness with-

out sacrificing assembly quality.

Methods
Sequencing and Preparation of Data

Multiple blood samples were collected from two healthy female Indian buffaloes of Bhadawari breed from their breeding tract of
Etawah district with consent of animal owner under the supervision of a trained veterinarian. Genomic DNA was extracted from
blood samples using a standard phenol/ chloroform extraction method as described by Sambrook and Russel, 2001(18). The quali-
ty and purity of the extracted DNA was confirmed by measuring A260/A280 ratio and agarose gel electrophoresis. Only the intact
DNA possessing 1.8-2.0, 260/280 ratio was proceeded for further analysis. Raw reads (150 bp PE) obtained after Illumina Hiseq
2000 sequencing were quality filtrered using FastQCversion 0.11.9 and adapters were removed with Trimmomatic version 0.39.

All test datasets are described in Table 1.

Sample number Raw reads Qualified reads

Total data in Gb | Number of reads | Total data in Gb | Number of reads

1 174.6 488513210 155.6 427348740

2 198.2 554531666 177.7 495423777

Table 1: Details of the data used for the study

S1.No. Assembler Algorithm Programming Language
1 AbySS De Bruijn Graph C++
2 Soap denovo De Bruijn Graph C+
3 Celera Assembler OLC graph C+
4 SPAdes OLC graph C++

Table 2: Details of the de Novo genome assemblers used for the study

Assembly Tools Selected

We selected 4 de Novo genome assembly tools — Celera assembler [19], Soap De Novo [8], AbySS [7] and and SPAdes [20] (repre-
senting two main assembly algorithms) which are freely available and suitable for sequence assembling of short reads generated by
the Illumina HiSeq sequencing platform due to their ability to effectively handle the high-throughput, short-read nature data by
considering overlaps or constructing k-mers for accurate and efficient genome assembly. The details of the data used and assem-

blers selected for the study are described in the table 1 and 2. Each assembly tool was run with different k-mer sizes in the two sam-
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ples of Illumina short reads and primary assemblies were generated. The average results of each assembly metrics were calculated
for different de Novo assemblers for the ease of comparison. Efficiency and accuracy of each of them were assessed from the output

contig/ scaffold file generated.

All assembly processes were performed on an Intel"Xenon® CPU E5-2630 v4 with 40 cores at 2.2 GHz and 6 TB of RAM and 256
GiB memory, running Ubuntu 20.04.4 LTS, 64 bit (ver. 3.36.8).

Efficiency and Accuracy Evaluation

Efficiency of each assembler was evaluated based on maximum memory usage, maximum time, maximum CPU usage. The time
taken to generate primary assemblies of individual run was detected using the Linux time command and the median assembling
time of different assemblers where calculated. Memory usage and CPU usage percentage for each run was detected by Linux com-
mand and comparison of mean usage of each assembler was done. The final output file from the assemblers were taken to evaluate

the accuracy based on different parameters like N50, number of contigs, total length etc. Quality was assessed by QUAST tool [21]

Completeness Analysis

Completeness of the assembly was checked with BUSCO [22] using NDDB_SHL1 as the reference.

Results

Using Illumina short reads, we generated primary denovo assemblies of the Bhadawari buffalo genome in order to evaluate the per-
formance of four alternative assemblers from two assembly algorithms. Each assembly tool was run with different k-mer sizes in
the two samples of Illumina short reads. Various criteria were taken into consideration to evaluate the output files from each as-

sembler that contained contig level assemblies.

Based on maximum memory utilisation, maximum duration, and maximum CPU usage, each assembler's efficiency was assessed.
A significant difference was found while comparing the assembly run times required by each assembly programme utilising the
same number of threads and the same data. While ABySS required the longest runtime (6120 minutes), Celera Assembler generat-
ed a primary assembly in the shortest amount of time (2400 minutes). While SPAdes (5760 minutes) took almost twice as long as
Celera Assembler, SOAPdenovo came in second consuming 4380 minutes. When analysing the percentages of maximum memory
and CPU utilisation, it was discovered that SPAdes was using the most, followed by ABySS. But contrasting with the other two, Cel-

era and SOAPdenovo required the least Computational demand for the same data (figure 1).
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Figure 1: Comparison of efficiency parameters of each assembler A)average assembling time B) Memory C) CPU usage

The final output file from the assemblers was used to assess the accuracy based on various factors, such as N50, the quantity of
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contigs, and total length. QUAST tool was used to evaluate quality (Figure 2). Considering, the N50 metrics Celera assembler gen-
erated primary assembly with largest N50 size while assembly from ABySS was having the smallest N50. Celera assembler pro-
duced an average N50 of 5.72 Kb, followed by SPAdes and SOAPdenovo with nearly identical lengths (5.28 Kb and 5.22 Kb). In
comparison to the other three, the ABySS assembler produced a N50 length that was extremely short (1.81 Kp). The largest contig
length was from SOAPdenovo (128 Kb) while Celera assembler (7.4 Kb), SPAdes (6.3 Kb) and ABySS (4.2 Kb) produced smaller

N50 values. The least number of contigs were in assembly created by the Celera assembler (8,86,299) and then SOAPdenovo

(58,11,150). ABySS, and SPAdes were clearly falling behind to reduce the number of contigs in the primary assembly.
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Figure 2: Comparison of accuracy parameters of each assembler A) N50 contig length B) Total number of contigs

The completeness evaluation of the best assemblies revealed that Celera assembler, SOAP denovo and SPAdes generated primary

assembly with completeness in the range of 35-39 BUSCO score. But AbySS assembler produced least complete assembly with on-

ly 16.8% Completeness. Fragmentation percent ranged from 8.5-9.9, AbySS having least percentage of fragmented BUSCOs.
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No. of contigs

Time in minutes

% Memory Largest (bp)

% CPU Total length

SPAdes SOAPdenovo Celera Assembler = ABySS

Figure 3: Relative performance of de Novo assemblers
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BUSCO assessment results
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Figure 4: Busco assessment results

Discussion

Results are frequently skewed when choosing bioinformatics tools for research employing specific kinds of data since assessments
are made by focusing primarily on one or two parameters. While handling huge data for a computationally demanding process
like genome assembly of eukaryotes, this selection must consider efficiency, accuracy, and final genome assembly completeness in

order to get an unbiased result.

The genome assemblies from Celera assembler showed the highest N50 values as compared to SOAPdenovo, SPAdes and ABySS
for the given data of Bhadawari buffalo. In another comparison experiment, with eight times better N50 value, Celera assembler ex-
celled Velvet, ABySs, and SSake employing E. coli and Yeast dataset [23]. This might be as a result of the built-in capability of the
Celera Assembler, which uses an OLC-based method for building consensus sequences based on overlaps and multiple rounds of
assembly and error correction to gradually reduce errors and increase the accuracy of the assembled genome sequence. The SOAP-
denovo outperformed the remaining three assemblers in producing the assembly with largest contig from short Illumina data.
This result was similar to that of GAGE comparison where SOAPdenovo generated assembly with larger contigs than the other as-
semblers from short Illumina data of S.aureus and R. sphaeroides [10]. Comparing each assembler's computational efficiency in
terms of maximum memory usage, maximum time, and maximum CPU utilisation, the Celera assembler required the least

amount of processing power to complete genome assembly in the shortest amount of time.

Evaluation of completeness was done by using BUSCO tool which analyses the completeness by analysing the expected gene con-
tent based on evolutionary relationships [22]. Overall complete BUSCOs is affected by other major factors such as sequencing qual-
ity, taxonomic group etc. Since the study was conducted on the same data, this bias was overcomed. On comparing the primary as-
sembly generated by the four selected assemblers, Since N50 is a widely accepted statistics for assembly evaluation, the larger N50
was expected to have a positive association with more complete assembly [24]. Eventhough this was true for the assembly with
least accuracy, surprisingly the assembly with more accuracy did not give the higher completeness percentage. Assembly produced
by AbySS assembler gave the least complete assembly but the difference in percentage of completeness was only 3.4 for the other as-

semblers. Soapdenovo and Spades generated primary draft assemblies with least fragmentation and missing BUSCOs. High frag-
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mented assemblies are supposed to be incomplete. High repetitive contents will make the assembly process difficult, thus fragment-
ing the assemblies. When the fragmentation percentage is high this can also lead to a higher missing BUSCOs and vice versa. Du-
plicated BUSCOs are comparatively less in diploid genomes. The range of duplicated BSCOs reported in published buffalo
genome assemblies was 58 (Bubalus bubalis EGYBUF_1.0)-199 Mediterranean (BubalusbubalistUMD_CASPUR_WB_2) [25]. In

this study maximum duplication of 305 was from Soap denovo and minimum of 45 was from SPADES.

The selection of different parameters for a genome assembly will vary upon different organisms [26]. Moreover, the credit and
penalty to be given for each metrics will solely depend on the fate of the final assembly and requirements of each research. So, the
outcomes of this study can be analysed in the light of the forementioned parameters of different genome assembly projects. For the
general information we are giving equal merit to all the metrices included in the study. Considering this, apart from the measure
like biggest contig, Celera's assembler stood best among the four assembled programmes in terms of efficiency and accuracy.
Therefore, the Celera assembler needs to be enhanced in order to produce the longest contigs. Soapdenovo came in second in all

other categories used to measure efficiency and accuracy and excelled in generating longer contigs than Celera assembler.

The findings of our work recommend that Celera Assembler and SOAPdenovo could serve as the best choice for creating primary

de Novo assembly using short reads of large eukaryotic organisms.

These findings not only significantly contribute to the theoretical framework of de Novo genome assembly but also offer practical
insights that can influence the current methodologies and approaches employed in genomic studies. Understanding the strengths
and areas for improvement in each assembler becomes instrumental in refining and adapting de Novo assembly techniques to the
unique genomic landscapes of different organisms. The practical application of these findings lies in the enhancement of assembly
strategies for large eukaryotic organisms, where obtaining accurate and contiguous genome assemblies is often challenging. Re-
searchers can leverage the guidance provided by this study to make informed decisions when selecting assembly tools, tailoring
their approach based on the specific requirements and characteristics of the organism under investigation. The insights into the
strengths of Celera Assembler, particularly its efficiency and accuracy, imply that refining this tool could lead to substantial im-
provements in generating longer contigs, a crucial factor in achieving high-quality genome assemblies. Moreover, the recognition
of SOAPdenovo as a commendable choice, especially for its proficiency in producing longer contigs, highlights the versatility of
available assembly tools. Researchers can strategically choose between Celera Assembler and SOAPdenovo based on the specific

goals of their studies, allowing for a more nuanced and targeted approach to de Novo genome assembly.

In practical genomics, where the application of de Novo assembly techniques is paramount for understanding species diversity, un-
raveling functional genomics, and exploring evolutionary dynamics, these recommendations serve as a compass. Researchers can
confidently navigate the intricate landscape of genome assembly, making informed choices that align with the goals of their studies
and the unique characteristics of the organisms they are investigating. This, in turn, facilitates the generation of more accurate,
comprehensive, and biologically relevant genomic data, advancing our understanding of complex biological systems and contribut-
ing to breakthroughs in fields such as medicine, agriculture, and ecology. In essence, the practical implications of these findings ex-
tend beyond the laboratory, shaping the trajectory of genomic research and its transformative potential in diverse applied con-

texts.

Conclusion

Large eukaryotic genomes have not yet been used to compare denovo genome assembly performance. Our study is the first to pro-
vide a comparative analysis of the performance of denovo assemblers in producing the basic assembly. The findings of this study
indicate a significant performance difference between the chosen tools in terms of processing requirements, assembly statistics,
and completeness. These findings can be used as a guide to picking the most appropriate assembly tool while considering elements

like type of data available, follow-up steps in the pipeline, and downstream processing.
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