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Abstract: Current biotechnological research of bacterial genomes has huge potential due to the use 

of next-generation sequencing (NGS) platforms. NGS era opens paths for analysis of data for suffi-

cient description of microorganisms with ecology and biotechnology potential in the future. Alt-

hough some tools for inference of specific structures in bacterial genomes exist, their pipelines and 

methodologies are often based only on searching bacterial genome databases and comparison with 

model microorganisms. This paper deals with the design of a new algorithm for operon structures 

inference in bacterial genomes. The algorithm combines searching in bacterial databases and gene 

expression information processing. The algorithm was implemented in R language and tested on 

Clostridium beijerinckii NRRL B-598. The bacterium is a typical performer in the field of biofuels 

production due to its ability to produce butanol. Thanks to that this bacterial organism can be of 

great potential from an ecological and biotechnological point of view. The paper also provides a 

comparison of operon structures derived by Operon-mapper and its extending by Operon-expresser. 
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1 INTRODUCTION 

Operon [1] represents group of genes that are transcribed together as a single mRNA which is in 

a bacterial genome. Currently, it is a half of century has passed since the discovery of operons but 

the importance of operons in bacterial gene networks and the relationship between their organiza-

tion and gene expression remain poorly understood [1]. This situation needs a better methodology 

for understanding based on in silico tools for exact inference of operon structures which will com-

bine two approaches. The first approach represents tools based on searching bioinformatics data-

bases for important genome structures of already described bacteria and comparing them to the un-

known bacterial genome. The second approach relies on gene expression information and correla-

tion [2] between gene expression information in one operon.  

RNA-Seq [3] is one of the most used sequencing methods which originated from the NGS era. Alt-

hough, sequencing methods are constantly developed to overcome older techniques e.g. microar-

rays. All these methods give important details of gene expression information. In this study, a new 

methodology for inference of operon structures is designed, described, and immediately tested to 

Clostridium beijerinckii NRRL B-598. This bacterium belongs to the group of non-model organ-

isms, which can have huge potential for an application in solving environmental challenges. Specif-

ically, C. beijerinckii NRRL B-598 is a butanol producer, which is in demand, because there is a 

focus on sustainable microbial production of biobased fuels. 
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2 METHODS 

Operon is the cluster of genes that have the same promotor and the genes are transcribed and regu-

lated as a single large mRNA including multiple structural genes, see Figure 1. Transcription unit 

(TU) [4] is a concept that was defined to make the understanding of operon function easier. TU is 

obtained from the genes that transcribe and regulate simultaneously. The identification of TUs is a 

challenge for resolving the understanding of transcriptional regulation. 

 

Figure 1: Operon structure includes promotor (P), operator (O) and a group of genes which are 

transcribed and regulated as a single large mRNA. 

2.1 OPERON-MAPPER: THE WEB SERVER FOR OPERON STRUCTURES INFERENCE 

Operon-mapper [5]  is an open-source tool in a web server that predicts the operons of any bacterial 

or archaeal genome sequence. This tool predicts operon using knowledge about an intergenic dis-

tance of neighboring genes as well as the functional relationships of their protein-coding products. 

Operon-mapper is based on an artificial neural network (ANN). This algorithm was tested on a set 

of experimentally defined operons in Escherichia coli and Bacillus subtilis and reached accuracies 

of 94,6 % and 93,3 % [5]. ANN has inputs that are the intergenic distance of contiguous genes and 

score which thinks of the functional relationships between the protein products. 

2.2 OPERON EXPRESSER: THE INNOVATED GENE EXPRESSION-BASED ALGORITHM FOR 

OPERON STRUCTURES INFERENCE 

The Operon-expresser based on finding the gene expression value of one gene and the gene expres-

sion value from upstream or downstream gene in sequence. After that the correlation coefficient 

between these genes is calculated. The correlation coefficient is obtained from the Pearson correla-

tion formula [6]:  

  (1) 

where  and  are the means of x and y variables. The x variable represents the gene expression 

information of the selected gene and the y variable represents the gene expression information of 

the next gene which is upstream or downstream gene in sequence. However, to seed up the algo-

rithm and use prior knowledge the Operon-expresser algorithm can use precedent information of 

predicted operons and the algorithm uses operon. It means, it counts with group of genes – operon 

instead of one gene. 

If the correlation coefficient is more than 75 % and the distance between these operons is less than 

a defined threshold in bp, we assume that it is one operon and these operons are concatenated. 

The threshold was defined as a mean distance between the predicted operons. This process repeats 

until all correlation coefficients are more than 75 % or the distance between operons is higher than 

5 000 bp. The algorithm was created in R script using R/Bioconductor Biostrings [7] and 

R/ Hmisc [8]. 

This algorithm was used in the pipeline for the extension of Operon-mapper output. It is important 

to combine the information about transcription and translation with genomics data. In Figure 2, the 

first branch is connected with Operon-mapper [5]. The second branch rely on gene expression in-

formation, which is obtained from RNA-Seq data. The raw RNA-Seq data are prepared in a count 

table format that describes gene express information. 
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Figure 2: Pipeline of the new methodology for inference operon structures  

In the beginning, the bacterial genome sequence is taken as input data for the Operon-mapper [5]. 

Thanks to Operon mapper, the list of predicted operon structures is obtained in .csv format. No in-

formation on gene expression is obtained in the prediction, yet. The subsequent step is filtering 

pseudogenes and transcription ID genes to locus tags. The filtering and transcription marked by lo-

cus tag is implemented in R script using R/Bioconductor genomeIntervals [8], R/Bioconductor Bi-

ostrings [7], and R/stringr [8]. After the transcription step gene expression information is added in 

the format of count table. Next step represents division operons using computing correlation gene 

expression value. The final step includes Operon-expresser algorithm, which was developed in 

R language. The algorithm uses prior knowledge about obtained operons and counts with group of 

genes. It means operon instead of one gene. The final output represents predicted operon structures 

which are obtained knowledge from bacterial genomes databases based on machine learning pre-

diction, Operon mapper [5], and also gene expression information. The schema of the whole pipe-

line is visualized in Figure 3. 

Genome Sequence (.fna) 

                     Operon-mapper [5] 

List of Operons (.csv) 

                        Transcription marked by locus tag 

Count Tables with predicted Operons (.csv) 

                                 Divide operons using computing  

                                 correlation gene expression value 

Count Tables with modification predicted Operons (.csv) 

   Finding operons based on 

      Operon-expresser algorithm 

Count Tables with final predicted Operons (.csv) 

Figure 3: Step by step pipeline of new methodology for inference operon structures  

2.3 MATERIALS  

The developed algorithm for inference of operon structures was applied on the dataset from 

C. beijerinckii NRRL B-598. The dataset includes gene expression information from seven differ-

ent replicates which were sequencing in six time-points that cover all metabolic stages and genome 

format .fna [11]. The replicates include six transcriptomes. Two replicates represent standard culti-

vation and they are mentioned in the study by Sedlar et al. [12], two replicates represent also stand-

ard cultivation which are mentioned in the study by Patakova et al. [13] and two replicates repre-

sent the response to butanol-shock and are described in the study by Sedlar et. al. [14]. Samples 

were sequenced using Illumina NextSeq500. The output from NextSeq was raw data in .fastq for-

mat. These raw data are pre-processed using a reproducible analytical pipeline for using raw RNA-

Seq data from non-model organisms [15] and count tables represented gene express information 

were obtained.  
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3 RESULTS AND DISCUSSION 

In the beginning Operon mapper [5] was applied to genome from C. beijerinckii NRRL B-598 

number CP011966.3 [11]. The list of the first prediction operon structures was obtained. The first 

prediction of operon structures includes 3351 operons. It means 3219 operons without 

pseudogenes. In the next step, the Operon expresser toolbox of R scripts was used. The first script 

performs filtering pseudogenes and transcription ID genes to locus tags using R/Bioconductor ge-

nomeIntervals [8], R/Bioconductor Biostrings [7] and R/tidyverse stringr [16]. The marker of locus 

tags is matching with marker in created count tables from study by Schwarzerova [15] represents 

gene expression information. Then grow seed algorithm was applied and so the combination of 

searching databases based on machine learning algorithms and gene expression information was 

united.  The algorithm was implemented in R using R/Bioconductor Biostrings [7] and R/ 

Hmisc [8]. The threshold of correlation for division into two operons was set less than 75 %. The 

neighbor length of two locus tag was checked as less than 5 000 bp. These thresholds were set heu-

ristically. After application of Operon-expresser algorithm, the total number of obtained operon 

structures is 3778. 

Table 1: Comparison of basic static quantities from operon structures of Operon-mapper and oper-

on structures of Operon-expresser 

 

Table 1 shows a basic static analysis of operon structures which has been obtained from Operon-

mapper and its extension of Operon-expresser. The maximum and the minimum number of genes 

in one operon is same in both approaches. The dataset of operon obtained from Operon-mapper has 

maximum number of genes in eighty-second operon in genome sequence, but in dataset of operon 

from Operon-expresser has maximum number of genes in seventy-nine operon in genome se-

quence. Although the genes that are included into by both operons are same. The change is possible 

to observe in the mean and standard deviation number of genes in one operon.  The overall match-

ing of genes in each of operons between datasets from Operon-mapper and datasets from Operon-

expresser is 52 %. This low percentual number is caused by property of Operon-expresser algo-

rithm thanks to that this algorithm divides operons in the absence of linear dependence in added 

gene expression information. It reflects the specification of the boundaries between the individual 

operons relied on gene express information from RNA-Seq. 

4 CONCLUSIONS 

Tools for operons structures inference are based only on searching databases and comparing al-

ready known operons and genomes with unknown operons and genomes. Despite the fact that these 

algorithms are using advanced methods of machine learning and deep learning, none of these algo-

rithms does not take into account gene expression information. One of the latest approaches pre-

dicts operon using knowledges about intergenic distance of neighboring genes as well as the func-

tional relationships of their protein-coding products. This approach uses Operon-mapper. However, 

thanks to NGS era which brought huge analysis data for sufficient description in microorganisms, 

the gene expression information is affordable. In this paper the innovated gene expression-based 

algorithm for operon structures inference called Operon-expresser was described. The algorithm 

was implemented in R and used as an extending to the Operon-mapper. This is the first time ever 

that a methodology which considers gene expression information using in-silico tools has been 

used for operon structure inference. The test was provided on dataset from bacterial strain C. bei-

Parameters Operon-mapper Operon-expresser Difference 

Total number of operons 3219 3778 559 

Maximum number of genes 38 38 0 

Minimum number of genes 1 1 0 

Mean number of genes 1.992 1.659 0.333 

Standard deviation number of genes 2.467 2.197 0.270 
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jerinckii NRRL B-598. The basic statistical analysis shows the maximum and the minimum number 

of individual locus tags in one operon does not change significantly, it deduces that the Operon-

expresser allows the specification of boundaries between the individual operons relied on gene ex-

pression information from RNA-Seq.  
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