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c Qualyse, syndicat mixte, 5 All. de l’Océan, 17000 La Rochelle Cedex, Nouvelle-Aquitaine, France
d INRAE Nouvelle-Aquitaine Bordeaux Centre, UR EABX, 50 Avenue de Verdun, 33612, Cestas Cedex, Nouvelle-Aquitaine, France

A R T I C L E  I N F O

Keywords:
Environmental pollution
Chemicals
Ecotoxicology
Bioassay

A B S T R A C T

In the 21st century, in the context of an environmental crisis, chemical pollution has become a major global 
concern. In addition to chemical analysis, many bioassays have been developed and have proved to be interesting 
tools for considerably improve our understanding of the effects of human activities on species and ecosystems. 
Compared with animal or plant bioassays, bacterial bioassays based on bioluminescence inhibition have the 
advantage of being relatively economical and reproducible. This toxicity test uses the bioluminescent metabolic 
response of bacteria exposed for a short time to a solution of interest in the aim of assessing and quantifying its 
toxicity. Although routine tools are available to pre-process the data obtained, to our knowledge no flexible 
research tool is available for the data analysis following these tests, which could limit the access to the results for 
novices or experienced people unfamiliar with data processing software. To overcome this lack of tools for this 
bioassay, an R-Shiny package is proposed to generalise data analysis following a toxicity test based on bacterial 
bioluminescence inhibition. The traditional paper-based working environment is reproduced digitally in this 
package, which ultimately facilitates data entry and cleaning, makes the creation of relevant dynamic graphs, 
and simplifies access to toxicity data (e.g. dose-response curve and median effective concentration, i.e. EC50). The 
aim of this tool is to provide the target community with a high-performance tool that can be used to obtain 
toxicity test results based on the inhibition of bacterial bioluminescence.
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1. Motivation and significance

Six of the nine planetary limits - limits that cannot be exceeded to 
ensure the processes necessary to preserve the stability and resilience of 
the earth system - have been exceeded, including the limit for chemicals 
[1]. Indeed, for more than two centuries, human domestic and industrial 
activities have contributed to an increase in the discharge of chemical 
substances into aquatic environments, contributing to a deterioration in 
the functioning of ecosystems [2,3]. In response to the ecological 
emergency caused by environmental pollution, standardised methods 
have become essential for identifying toxic effects and, ultimately, 
helping to ensure the resilience of the environment [4]. Among the 
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existing standardised methods, chemical analysis of aquatic environ-
ments appeared to be one of the most relevant, but ultimately proved to 
be expensive and limited, which finally complicated routine monitoring 
[5–7]. Thus, the use of bioassays - experimental methods used to study 
the toxic effect of a substance on model organisms - has proved to be 
complementary and less restrictive [8].

The rise of high-throughput assays, transcriptomics and other inno-
vative approaches have transformed chemical safety assessment by 
enabling rapid and integrated analyses [9]. However, although power-
ful, these methods have proved expensive, required highly specialised 
equipment and sometimes lacked biological relevance, underlining the 
importance of considering complementary methods to supplement these 
modern approaches [9–11]. In this context, traditional bioassays have 
proved to be important, involving a variety of organisms (animals, 
plants, bacteria, among others) and therefore providing interesting 
biological and ecological relevance and insights. However, bioassays on 
animal and photosynthetic species are often restricted by significant 
limitations, such as high costs, large sample volumes, lack of repro-
ducibility and ethical concerns surrounding animal experimentation 
[12]. Furthermore, bacterial bioassays have proved to be simple, rapid 
and reproducible, offering a practical and effective solution, and even 
reducing the number of animals used in experiments [12,13].

Bacterial bioassays using bioluminescence inhibition assess the 
bioluminescent response of bacteria following exposure to a solution of 
interest (e.g. chemical compounds, effluents from industrial processes 
and wastewater, leachates from hazardous waste, seawater or fresh-
water, etc.) at a given exposure time, generally a short time, i.e. 5, 15 or 
30 min [14]. This type of test uses particularly some bacteria, among 
others: Aliivibrio fisheri (e.g. Backhaus and Grimme [15]), Photorhabdus 
luminescens (e.g. Masner et al., 2017 [8]), Photobacterium leiognathi (e.g. 
Muneeswaran et al., 2021 [16]) and Vibrio harveyi (e.g. Thomulka et al., 
1997 [17]). Under optimum conditions, these bacteria produce biolu-
minescence, i.e. an enzymatic reaction catalysed by luciferase which 
releases light (see Supplementary materials n◦1).

This bioluminescence is directly linked to the respiratory metabolic 
process of bacteria [18]. In other words, in a favourable environment, 
these bacteria emit light. However, when a bacterium is exposed to a 
toxic substance, this metabolic process is disrupted, resulting in the 

inhibition of bioluminescence. This reaction is therefore used in this 
type of test to study the direct link between light intensity and the level 
of toxicity of a sample of interest compared with a control sample. This 
inhibition is often calculated as follows (e.g. Si et al., 2024 [19]; West-
lund et al., 2018 [20]): 

Ibiolu (%) = (BCt – BSt) / BCt * 100                                                         

Where Ibiolu represents the inhibition of bioluminescence of the bacteria 
studied (in %); t represents the exposure time (in min); BCt represents the 
average of the bioluminescence values of the bacteria exposed, during a 
time t, to the control solution; and BSt represents the average biolumi-
nescence values of the bacteria exposed, during a time t, to the solution 
of interest.

The toxicity of the solution of interest is then visualised on a dose- 
response curve, providing a visual representation of the percentage of 
inhibition (in %) as a function of the log dilution (in %). This curve can 
be used to obtain a reference toxicity value: the ECX, which is the 
effective concentration of a toxicant causing an X % reduction in light 

Fig. 1. Main steps of toxicity tests based on bacteria bioluminescence inhibition. The negative control is represented by a ‘-’, the positive control is represented by a 
‘+’, the blank is represented by a ‘b’ and the solution of interest is represented by an ‘s’. The steps, represented by letters in brackets (i, ii, iii, iv, v, vi), are explained 
in the ‘Motivation and significance’ section.

Table 1 
Description of samples used in toxicity tests based on bacteria bioluminescence 
inhibition.

Dependencies 
(code used in 
Fig. 1)

Description

Negative control 
(-)

Non-toxic sample used as a reference to show normal bacterial 
behaviour.

Positive control 
(+)

Toxic sample used to confirm correct detection and 
determination of toxicity by the test.

Blank 
(b)

Non-toxic solution that has been subjected to the same 
operations as the samples of the solution of interest. It provides 
assurance that the steps performed during manipulation do not 
introduce toxic biases. It can be diluted to assess its dose- 
response relationship.

Solution of interest 
(s)

Solution of interest, i.e. an ecologically/ecotoxicologically 
relevant solution to be analysed. The test based on inhibition 
of bacterial bioluminescence is used to determine its potential 
toxicity. It can be diluted to assess its dose-response 
relationship.
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intensity of bacteria [21]. The equation for the 5-parameter 
dose-response curve is as follows: 

y = c + (d-c) / (1 + exp(b * log(x) – log(e)))                                        

Where y represents the inhibition of bioluminescence of the bacteria 
studied (in %); x represents dilution (in %); b represents the curvature 
parameter; c represents the first plate of the curve; d represents the last 
plate of the curve; e represents the EC50.

More specifically, and in a non-exhaustive way, the toxicity test 
based on the bacterial bioluminescence inhibition can be performed 
experimentally as follows (Fig. 1): (i) creation of a matrix document to 
record the position of a sample on the bowl holder, for subsequent data 
retrieval; (ii) sample preparation: negative control, positive control, 
blank and substance of interest (see Table 1 for an explanation of the 
samples); (iii) rehydration and acclimatisation of the lyophylated bac-
teria; (iv) exposure of the bacteria to each sample; (v) bioluminescence 
measurements with a luminometer for each sample and for each expo-
sure time (generally: 5 min, 15 min and 30 min); and (vi) fill in the 
matrix document, created previously, with the bioluminescence values. 
For statistical reasons, the experiment should include several ‘biological 
replicates’ for each sample of the substance of interest (at least 3) and 
several ‘sets’ (i.e. the whole experiment should be repeated several 
times). Many studies use this type of approach, resulting in the devel-
opment of commercial solutions. (e.g. Microtox®, CheckLight, BioTox, 
see Kokkali & Van Delft, 2014 [22]).

The toxicity test based on the bacterial bioluminescence inhibition 
therefore produces a large amount of data in a very short time, with a 
high level of reproducibility. However, at the end of the test, a 

significant number of bioluminescence values need to be recorded and 
processed to obtain the final test results. Some machines can be used to 
produce pre-processed results, sufficient for repeated routine analysis, 
but offering little freedom to the user, particularly, for research work. To 
our knowledge, there is currently no package or application in the R 
environment that facilitates the analysis of data following this test.

For these reasons, a Shiny-R package was created, simplifying data 
entry and automating data processing in an application with an interface 
specially designed for toxicity tests based on the bacterial biolumines-
cence inhibition. Using the conventional annotation format, this Shiny-R 
package makes data input more intuitive, automates data cleaning and 
makes results visualisation dynamic, particularly for obtaining the dose- 
response curve and reference toxicity values (i.e. ECX), which are often 
complex and subject to errors. This package is designed for all laboratory 
personnel working with this type of data (students, technicians, engi-
neers, researchers, etc.), including anyone not familiar with R software. 
Centralising analyses in a single powerful tool provides uniform and 
robust data processing and reduces the number of software applications 
required, while remaining easy to use and user-friendly.

In the long term, this tool could be generalized/standardised for the 
data analysis of toxicity tests data based on bacterial bioluminescence 
inhibition, with the aim of increasing its reproducibility by its wide-
spread use.

2. Software description

This R-Shiny package is written in the R [23] and Shiny framework 
[24] and hosted on a github repository (available at https://github. 
com/bbellier/biolutoxR_package). This Shiny App used only a few de-
pendencies (Table 2). To use this Shiny application package, the 
following commands can be used: 

(1) To install the biolutoxR package:
R> install.packages("devtools")
R> devtools::install_github("bbellier/biolutoxR_package")
R> library(biolutoxR)
(2) To run the biolutoxR Shiny App:
(2.a) with the option of inputting all data directly into the 
application:
R> run.biolutoxR()
(2.b) with the option of importing a pre-filled data table:
R> import.biolutoxR()
(3) To run the biolutoxR Shiny App example (considering the 2.a 
function):
R> example.biolutoxR()
(4) To cite the biolutoxR package:
R> citation.biolutoxR()

The operating principle of the biolutoxR package application is 
summarized in Fig. 2. Therefore, this Shiny App is divided into different 
tabs that can be navigated using a navigation bar. The application is 
therefore composed of 8 tabs for the functions run.biolutoxR() and 
example.biolutoxR(): ‘Presentation’, ‘Scheme’, ‘Time 1’, ‘Time 2’, ‘Time 3’, 

Table 2 
biolutoxR Shiny App dependencies.

Dependencies Functions CRAN Reference

drc Use to dose-response curves 
analysis

https://cran.r-project.or 
g/web/packages/drc/index. 
html

DT Use to table management in 
Shiny

https://cran.r-project.or 
g/web/packages/DT/index.html

ed50 Use to estimate ED50 and its 
confidence interval

https://cran.r-project.org 
/web/packages/ed50/index. 
html

openxlsx Use to generate and read ‘. 
xlsx’ file

https://cran.r-project.org/web/ 
packages/openxlsx/index.html

remotes Use to R package installation 
from remote repositories

https://cran.r-project.org/we 
b/packages/remotes/index.html

shiny Use to generate an R-Shiny 
application

https://cran.r-project.org/web/ 
packages/shiny.exe/index.html

shinythemes Use to customize Shiny 
aspect

https://cran.r-project. 
org/web/packages/shinyth 
emes/index.html

shinyMatrix Use to generate matrix in 
Shiny

https://cran.r-project. 
org/web/packages/shinyMatri 
x/index.html

tidyverse Useful set of packages 
(e.g. ggplot package for 
graphical data visualization)

https://cran.r-project.org/web/ 
packages/tidyverse/index.html

Fig. 2. biolutoxR package structure with its main functionalities.
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‘Table’, ‘Plot’, ‘Exit’ and 4 main uses: R-Shiny package presentation, 
bacterial bioluminescence toxicity test data input, final data table con-
struction and final data visualization. For the import.biolutoxR() func-
tion, the organisation of functions and uses is broadly the same, except 
that the ‘Scheme’, ‘Time 1’, ‘Time 2’ and ‘Time 3’ tabs are replaced by a 
single ‘Settings’ tab.

The ‘Presentation’ tab is necessary to help users understand (1) how 
the bacterial bioluminescence toxicity test works and (2) the relevance 
and operation of the Shiny application. Indeed, the first paragraph 
succinctly describes the main stages of a bacterial bioluminescence 
toxicity test, its usefulness, and the analysis that can be made of it. The 
second paragraph guides the user through the mechanisms and steps in 
inputting data and understanding the final constructed variables.

The ‘Scheme’ tab (only available for the run.biolutoxR() and example. 
biolutoxR() functions) contains a matrix used to define the identifiers of 
the manipulation. In this tab, the user must define the name of the 
manipulation (called ‘manip_name’ in the final data table), the number of 
matrices required (i.e. one matrix represents one set, ‘Number of 
matrices’), the size of the matrices (‘Number of rows’ and ‘Number of 
columns’, which allow to define the position of a sample in the matrix, 
which is given in the ‘id’ variable in the final data table) and the name of 
the negative control (‘Name of negative control’), which is then used to 
correct the bioluminescence values (called biolu in the ‘Time’ tabs and in 
the final data table) in the final data table. Each cell is filled to position 
and characterise the samples in the matrix. Each cell of the matrix must 
contain values in this format: ‘sol,dil,rep_bio,sol_sh’; where ‘sol’ corre-
sponds to the full name of the solution (e.g. tire and road wear particles 
of France), ‘dil’ corresponds to the dilution level (from 0 % to 100 %), 
‘rep_bio’ corresponds to the biological replicate and ‘sol_sh’ corresponds 
to the short name of the solution (e.g. TRWP-FR).

The ‘Time 1’, ‘Time 2’ and ‘Time 3’ (only available for the run.bio-
lutoxR() and example.biolutoxR() functions) tabs each contain a matrix 
which works in the same way. For each Time tab, the exposure time 
(‘Time (in min)’) is entered by the user to be considered in the final data 
table. Each cell in these matrices is filled with bioluminescence data 
from the bioluminescence bacterial toxicity test.

The ‘Settings’ tab (only available for the import.biolutoxR() function) 
provides the import of a pre-filled ‘.xlsx’ file (see the package website for 
the ‘.xlsx’ format) to avoid the need to fill manually the data in the 
application. Thus, various fields are required to perform analyses with 
the imported data: ‘Manipulation name’, ‘Negative control name’, ‘Time 1 
(in min)’, ‘Time 2 (in min)’, ‘Time 3 (in min)’.

The ‘Table’ (only available for the run.biolutoxR() and example. 

biolutoxR() functions) tab displays the final data table obtained, which 
can be exported in ‘.csv’ or ‘.xlsx’ format. All the data generated by 
completing the ‘Sheme’ and ‘Time’ matrices is included in this final data 
table: ‘manip_name’, ‘set’, ‘time’, ‘id’, ‘sol’, ‘sol_sh’, ‘dil’, ‘rep_bio’, ‘biolu’, 
‘biolu_mean_neg_control’, ‘biolu_corr’, ‘perc_inhib’, ‘perc_inhib_corr’ (see 
Supplementary materials n◦2). The final value used to display the results 
is ‘perc_inhib_corr’ (i.e. corrected inhibition percentage, i.e. biolumines-
cence inhibition corrected values), which requires the calculation of 
‘biolu’ (i.e. bioluminescence measured values), ‘biolu_mean_neg_control’ 
(i.e. mean of bioluminescence measured values for the negative control 
sample), ‘biolu_corr’ (i.e. bioluminescence corrected values) and ‘per-
c_inhib’ (i.e. bioluminescence inhibition calculated values).

The ‘Plot’ tab provides a simple and dynamic way of viewing and 
modifying plots and generating standardised toxicity plots/data (i.e. the 
dose-response curve and ECX). Firstly, in ‘Final data plot’ part, the user 
can modify the visualisation of the results as desired (choice of x vari-
able, y variable, time, solutions, dilutions and colour variables). Sec-
ondly, in ‘Dose-response curve’ part, the dose-response curve is plotted 
(by setting the c parameter to 0 and d parameter to 100), using the 
appropriate dilution(s) and substance of interest. Furthermore, the 
equation of the dose-response curve, the significance of the parameters 
(b, i.e. the curvature parameter and e, i.e. the EC50) and the Pearson’s 
linear coefficient of determination (R², i.e. measure to assess the effi-
ciency of a linear regression model; an R² of 1 indicates a robust model) 
are calculated. Also, any desired ECX (with its standard deviation and 95 
% confidence interval) could be calculated and printed.

The ‘Exit’ tab serves to quit the Shiny App.

3. Illustrative example

The example used is not based on actual data. This example can be 
found in the function: example.biolutoxR().

In a geographical area, new agricultural and industrial practices 
were introduced close to a river (Fig. 3). Ecological disasters followed 
rapidly afterwards, with fish species seeing their populations collapse.

Thus, local authorities have called on the scientific community to 
study and understand this phenomenon. To understand the toxic effect 
of new molecules used in agriculture and industry close to the river, 
scientists proposed the use of a bioassay: the toxicity test based on 
bacterial bioluminescence inhibition; using samples of the new agro-
chemicals and industrial effluent at various relevant concentrations 
(Fig. 3).

Following the test, the bacterial bioluminescence values were 

Fig. 3. Context of the example study.
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recovered and entered into the Shiny application offered by the bio-
lutoxR package. A cleaned final table was exported with the test results 
(Fig. 4) and a graph was obtained to analyse the global situation of this 
locality (Fig. 5). The graph showed that even at low dilution, the per-
centage inhibition of bioluminescence indicates high toxicity for both 
effluents. The scientists then focused on substance B (i.e. industrial 
effluent), which appears to be more toxic, to obtain its EC50 value from 
its dose-response curve. An EC50 of 12.33 % (with a standard deviation 
of 0.86 and a 95 % confidence interval of 9.58–15.08) was obtained for 
the industrial effluent. In other words, the concentration required to 
obtain a 50 % response in exposed organisms compared with the 
negative control was 12.33 % (Fig. 6). Furthermore, the value of the R² 
(0.99) and the significance of the EC50 parameter (< 0.05) can be 
verified to ensure the robustness of the ECX value obtained.

Further information is available on the website dedicated to the 
biolutoxR package (available at https://bbellier.github.io/biolutoxR 
_website/).

4. Impact

The biolutoxR package simplify data analysis of toxicity tests based 
on bacterial bioluminescence inhibition for beginners and experimented 
users. Indeed, an introduction to this type of test is included. Further-
more, this package providing an automated, simple and dynamic tool to 
enter, recover and visualize results. In addition to providing an example, 
an introduction to the application enables users to quickly understand 
its functioning. Widespread use of this tool, particularly through the 
construction of a dose-response curve and ECX calculations, will reduce 
the time allocated to data cleaning and calculations, increase the 
reproducibility and comparability of data and facilitate access to eco-
toxicological data.

The biolutoxR package can be used for all environmental compart-
ments (air, sediment, freshwater and marine water) and applications can 
vary from the assessment of the toxicity of a single molecule (e.g. N-(1,3- 
dimethylbutyl)-N’-phenyl-p-phenylenediamine), of a mixture of mole-
cules (e.g. tire and road wear particles) or of a matrix (e.g. stormwater 
runoff). In this way, this tool can contribute to improving our knowledge 

Fig. 4. Screenshot of the final data table.

Fig. 5. Screenshot of the simple and dynamic plot proposed by the application.
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of toxicity mechanisms, particularly by supplementing the ecotoxicity 
databases available with toxicity values (ECX), which are currently still 
very limited in terms of quality and quantity [25].

5. Conclusion

Overall, the biolutoxR package facilitates data analysis (data clean-
ing, results plotting, toxicity data accessing) while retaining the use of 
the classic matrix format for a toxicity test based on bacterial biolumi-
nescence inhibition. More concretely, the advantages of this toxicity test 
(speed, reproducibility and low cost) ensure the relevance of this tool for 
improving ecotoxicological knowledge for a wide range of applications. 
To our knowledge, this R-Shiny application represents the first initiative 
to generalize flexible data analysis for these bioassays, improving the 
reproducibility and comparability of the data recovered following these 
tests.

Data availability

The package is accessible on the github of Bellier Benjamin (https: 
//github.com/bbellier/biolutoxR_package) and on the website dedi-
cated to the biolutoxR package (https://bbellier.github.io/biolutoxR 
_website/).
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