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ABSTRACT
The article discusses the scientific studies that reveal the mechanisms of intraspecific differences in responses of
organisms to chemical exposure. The factors of individual sensitivity to toxicants are represented by genetic differences between individuals of the same species and genetically unconditioned factors. The genetic factors are
mutations, including under-researched mitochondrial DNA mutations and genomic drift, genetic polymorphism,
and gender-related differences. Age, conditions of keeping and state of organisms, seasonal variations of body
functions, and biotic interactions are considered as the factors that are not related to the genetic apparatus. The
article considers a number of works, in which the effects of the combined action of external factors on sensitivity
of organisms in model groups are studied.
Keywords: bioassay, environmental pollution, intraspecific sensitivity of organisms, genetic factors, genetically
unconditioned factors

INTRODUCTION
Today, bioassay is a demanded environmentally oriented group of methods for determining
the toxic properties of various substances: water
of various origins, bottom sediments, soil, waste,
new substances and materials, waste and even
air [Hansen et al. 2007; Kokkali and Van Delft
2014]. The bioassay methodology is developing
next to the needs of industrial activities, environmental protection, pharmacology and other
related industries. The problems of complex multicomponent samples bioassay [Terekhova 2011],
selection of the most sensitive test-organisms and
their informative reactions [Josko and Oleszczuk
2014; Olkova and Berezin 2019], effective combinations of methods based on the principle of a
“battery of bioassays” [Slabbert and Venter 1999;
Zovko et al. 2015], statistical support of bioassay
[Dette and O’Brien 2004] are solved.
Carrying out tests using living organisms entails a number of difficulties and problems that affect the objectivity of the obtained results. Among

the problems of bioassay, a special position is occupied by the standardization of test conditions
and test-cultures. Bioassay under tightly controlled conditions using standard test-cultures improves the accuracy and reproducibility of toxicological assessments. There are the following difficulties in bioassay standardization: stock and supply of standard materials, storage stability of the
standards, criterion of acceptance [Asano 2006],
selection of cultivation water, variety and quality
of test-cultures, standardization of test conditions
[Olkova et al. 2018; Terekhova et al. 2018]. These
issues can be solved through development of international bioassay protocols and introduction of
additional criteria for the quality of test-cultures
[Olkova 2021]. However, the aspect as the intraspecific sensitivity of organisms to chemical substances and other influences is the most difficult
to adjust and it requires careful study of the issue.
Most individuals on the planet have unique
properties. Even the microorganisms that multiply by division are capable of acquiring individual genetic differences through mutagenesis. As
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the organization of life becomes more complex,
individual differences multiply in the genotype,
phenotype, and qualities acquired in the process
of ontogenesis. This individual uniqueness is the
reason for the different sensitivity of individuals of the same species to the toxicants acting on
them. When using the bioassay methods, intraspecific differences in individuals lead to discrepancies in responses within the experimental sample,
even if the so-called “clean lines” are used. For
a reliable assessment of chemical risk, it is critical to study the contribution of uncertainty factors
to interspecies and individual differences in the
toxic process [Kasteel and Westerink 2021]. In
this paper, the goal was to review and analyze the
factors that form differences in the intraspecific
sensitivity of organisms to chemical stress.
The Figure 1 shows main groups of factors to
which this review is devoted.

GENETIC FACTORS
Mutations
The main reason for both interspecific and
intraspecific differences in the reactions of organisms to toxic substances is genetic characteristics.
Under natural conditions, biological species are
represented by many populations. The degree
of their isolation contributes to the formation of
individual genotypes that do not go beyond the
species genome, but distinguish representatives
of populations in a number of properties. One

of these properties may be a different reaction of
representatives of a species to chemical substances. Sensitivity to toxicants also fluctuates within
a single population due to a certain number of
mutations that occur in organisms throughout life.
Many chromosomal aberrations and mutations in individual major genes are well studied.
They can be lethal or non-lethal, often manifesting in a phenotype, for example, the color of the
eyes in the Drosophila fly or the color of daphnia.
When conducting bioassays, such inhomogeneities of model populations are tried to be eliminated. If mutations are hidden, then the reproducibility of bioassay results begins to decline.
Some studies of mutations, which are more
difficult to detect than the chromosomal changes,
but significantly affect the sensitivity to toxicants,
have appeared recently. Thus, the mitochondrial
mutations can be both the cause of different responses of organisms and the consequence of a
toxic process. In the experiments with human
mitochondrial DNA (mtDNA), it was proven
that the population is divided into separate haplogroups according to the susceptibility to chemical substances [Ball et al. 2021]. Such heterogeneity of the population, of course, will be characteristic of most test-cultures from bacteria and
protozoa to mammals, since in most organisms,
protein synthesis depends on the sequence of
genes in mtDNA. For example, when bioassaying Paraquat – non-selective contact herbicide
(methyl viologen) on the Caenorhabditis elegans
nematode, it was shown that the mechanism of
acute and chronic toxicity in several generations

Figure 1. Review design
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consisted of the changes in the mitochondrial
physiology and mitochondrial mutations of mtDNA [Bora et al. 2021].
Moreover, the genomic drift in cells can differentiate the organisms of the same species according to the degree of their responses to chemical exposure. This new factor contributing to the
reproducibility of bioassay results was shown
in cell lines used in bioassay in vitro [Gutbier
et al. 2018].

can be called interfering factors for obtaining
representative and reproducible results of bioassay, and on the other hand, the bioassay methods
based on the search for genetic biomarkers of
chemical stress were proposed [Oberholster et al.
2016]. Moreover, testing new substances and materials using genetic lines of test-organisms with
different resistance to chemical attack will help to
determine the risks to populations in real ecosystems more accurately.

Genetic polymorphism

Gender differences

Genetic polymorphism, that is, the existence
of two or more sharply differing alleles of the
same gene in one population, is a mechanism and
the root cause of many interindividual differences
in organisms of the same species. For example,
the human cytochrome P450 (CYP2D6) gene is
known to have high polymorphism, which leads
to wide ethnic and interindividual differences in
the metabolism of toxicants and drugs [Bernard
et al., 2006]. In [Dumont et al., 2020], the authors
showed that seven genotypes of the aquatic plant
Myriophyllum spicatum differed in the sensitivity
to copper by a factor of 8.
Moreover, an example of bioassay can be
white laboratory mice, as a rule, hybrids of the
Mus musculus domesticus and Mus musculus musculus subspecies. Their populations are
among the most commonly used test-systems for
detecting and studying various effects, including
the differences in the toxicity of substances at the
intraspecific level. In the work of Rachel Church
et al., using a genetically heterogeneous population of mice, it was shown that modern food
additives can pose a potential hazard, the detection of which is complicated by the intraspecific
sensitivity to a certain substance of only a part of
the individuals in the population. The scientists,
studying the effect of green tea extract on the
body, showed that most mice tolerated a dose of
50 mg/kg equally well (daily for three days), but a
small part of animals (16%) showed pronounced
hepatotoxicity with liver necrosis at the level of
10 86.8% [Church et al., 2015].
The discussed facts about different intraspecific sensitivity to toxicants are explained by the
fact that expressed stressor genes occur only in a
part of the population [Oberholster et al. 2016],
and then this leads to different metabolism of
toxicants in the genetic lines of organisms [Tewes
et al. 2018]. On the one hand, such mechanisms

A special case of genetically determined individual sensitivity to substances involves the
gender-related differences. They can be formed
due to different hormonal levels, different ratios
of fat and water fractions in males and females,
specific enzymatic differences inherent in a biological species. The team of authors [Artal et
al. 2020] emphasizes the importance of gender
accounting in ecotoxicology and bioassay. The
scientists conducted a gene-specific analysis,
studied the whole genome transcriptional profile of male and female organisms of Parhyale
hawaiensis amphipods after the exposure to the
AgCl and Ag nanoparticles and showed that
males changed the expression of genes related
to peptidase and catalytic activity twice more often than females [Artal et al. 2020]. In the study
with other amphipods, Gamarus roeselmi, the
increased resistance of females to toxic stress
(Cd) is explained by more efficient detoxification processes in females compared to males
[Gismondi, Cossu-Leguille and Beisel 2013].
There are also contrary reports on the greater
sensitivity of females compared to males. On the
example of rats, it was shown that females are
more sensitive than males, their skin is approximately twice more permeable to urea, benzoic
acid, and cortisone than the skin of males [Kutsenko 2004]. The females of the Culex pipiens
mosquito are more sensitive to chlorpyrifos than
males [Delnat et al. 2019].
In homomorphic animals, which are often
used in bioassay (crustaceans, amphibians, fish),
the gender differences in sensitivity to toxicants
can be missed due to an endocrine change of gender during the toxic exposure. The fact is that in
the animals with homomorphic gender chromosomes, gender is formed by endocrine during the
development of the organism. Among the newest
xenobiotics, there are compounds that destroy the
115
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endocrine system, which leads to a change in the
differentiation of gonads in both males and females of affected animals. It was shown that the
animals that are phenotypically identified as one
gender, and when genetically determined they
belong to the opposite gender appear as a result
of such toxic effects [Burke and Henry 1999; Olmstead, Lindberg-Livingston and Degitz 2010].
This property of test-organisms, on the one hand,
is used in bioassay of endocrine disruptors [Olmstead, Lindberg-Livingston and Degitz 2010]. On
the other hand, there is a likelihood of creating
a gender-heterogeneous sample during bioindication or the absence of taking into account such
complex endocrine effects during bioassay.
Nevertheless, bioassay using heterosexual
organisms of the same species can be promising
for predicting the population effects occurring in
natural populations.

FACTORS NOT ASSOCIATED WITH
GENETIC FEATURES OF INDIVIDUALS
The next group of reasons for the individual
sensitivity of organisms is not associated with
genetic characteristics. These include age, body
weight, the effect of pregnancy (for mammals)
or disease, annual and circadian cycles, region of
habitat (if test-organisms are removed from the
environment immediately before research), nutrition, and etc.
Age
According to the laws of general toxicology,
young individuals are more sensitive than adults
to many types of exposure, including chemical
stress [Bailey, Li and Potter 2016; In Vitro Environmental Toxicology ... 2017]. In the field of
bioassay, the sensitivity of juveniles and adults
is often compared. For example, juveniles of
D. magna (less than 24 hours old) are 50% more
sensitive than adults (9 days) to the effects of
polystyrene microplastic particles [Eltemsah and
Bohn 2019].
Immature (unformed) toxicological barriers
in juveniles may be the reason for the opposite results when tested on adults and juveniles. Thus, in
the studies of the action of aflatoxin B-1 (the fungal toxin aflatoxin B-1) at the dose of 6 mg/kg, the
formation of liver tumors of newborn transgenic
Big Blue mice (Neonatal Big Blue transgenic
116

mice) was observed, and in the experiment on
adult mice, this dose did not induce tumors [Chen
et al. 2010].
The comparison of the sensitivity of young
and old individuals is reported less frequently.
The reason is that from an ecological point of
view, the viability of primarily young and adult
individuals is necessary to preserve the population. However, in the field of pharmacological
toxicology, such information is certainly important. This information is provided by the bioassays on isolated cell cultures. For example, the
specimen doxorubicin and 1-epidoxorubicin, after 3 hours of exposure, showed the greatest cytotoxic effect in bone marrow cells from the donors
over 40 years old [Sundman-Engberg, Tidefelt,
Paul, 1998]. It is discussed that a decrease in metabolic activity in very young or very old people
can increase the chemical toxicity of substances,
and age-related diseases of people affect the metabolism of xenobiotics in the liver and their renal
excretion, which delays the inactivation of toxicants [Dybing, Soderlund, 1999].
The variability of the bioassay results can be
caused by even a slight difference in the age of the
test-organisms. For example, in the experiments
using small arthropod collembolans [ISO 11267
1998], the difference in the age of individuals in 1
day influenced the final result of bioassay, while
the difference in the temperature of the experiment within 1°C did not have a noticeable effect
[Crouau and Cazes 2003].
However, not all chemical substances appear
to be age- and gender-related. In the original study
[Moser and Padilla 2015], 20 commercial human
liver samples (ages 11–83) were used as test-systems to study the metabolism and detoxification
of organophosphorus and N-methylcarbamate
pesticides. The authors found the differences in
the action of different substances on liver cells,
but, for the most part, these differences did not
correlate with age or gender.
In any case, during bioassay, it is necessary to
create model groups of test-organisms that are as
close as possible in age. This is one of the factors
influencing intraspecific sensitivity, which lends
itself well to regulation.
The origin of test-cultures and conditions
for their further cultivation
The potential for resistance to toxicants
among individuals of the same species is often
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determined by the habitat region in which the
living organisms were initially selected for
laboratory maintenance and cultivation. This is
apparently due to the different amounts of metabolizing enzymes in individuals of the same
species under different living conditions. Such
a mechanism for formation of intraspecific differentiation of sensitivity to the hepatotoxicant
aflatoxin B1 is shown in [Dohnal, Wu and Kuca
2014] using the example of humans and animals.
Similar conclusions were made in the work on
the accumulation of dioxins in the human body.
The results of a model experiment suggested that
the differences in body weight, gastrointestinal
absorption, and feeding behavior may partially
explain the variations in dioxin concentrations
in human tissues and the possible interindividual tendency to accumulate these xenobiotics
[Maruyama et al., 2002].
It is likely that the habitat with the entire set
of environmental factors leaves an imprint on
the genetic characteristics of populations of one
species. In this regard, the work [Shrestha et al.
2011], explaining the relationship between evolutionary development, dietary habits and the degree of susceptibility to toxicants, is quite interesting. The authors [Shrestha et al. 2011] prove
the hypothesis that the high sensitivity of the
domestic cat (Felis catus) to phenolic drugs was
formed evolutionarily under the long-term exposure of low doses of plant toxicants, which were
consumed by cats when eating. This led to the inactivation of the genes responsible for detoxification of hazardous substances.
Laboratory cultivation of organisms increases
their sensitivity to toxicants. For example, the
sensitivity of Rhepoxynius abronius and Eohaustorius estuaries amphipods, which spent several
weeks in the laboratory, increased 2–3 times compared to the individuals recently collected in their
natural habitat [Meador 1993]. The author of the
study explains this both by seasonal biorhythms
of organisms and by a decrease in lipid content in
organisms under artificial conditions. In addition,
the sensitivity of natural and laboratory populations of organisms of the same species may differ due to the increased stress level of the latter,
caused by a high density compared to the natural
conditions and periodic manipulations with the
culture. At the same time, the mechanism for reducing the resistance of laboratory cultures consists in a stressful change in the synthesis of melatonin, which in turn leads to desynchronization of

the daily and annual rhythms of organisms [Lopez-Patino et al. 2014].
Despite the fact that for many test-organisms,
the conditions of their laboratory keeping are
standardized, in practice it turns out that different laboratories use cultures of the same biological species, but they differ in key characteristics
and sensitivity to toxicants. This was shown in
the previous papers of the author when studying
D. magna test-cultures in different laboratories.
The differences in the average and maximum life
expectancy, specific fertility, sensitivity to a model toxicant were shown [Olkova 2021a; Olkova
2021b]. The most likely reasons for such interlaboratory differences in individuals of the same
species are differences in the chemical composition of cultivation waters, nutrition of organisms,
cultivation protocols (density of model populations, temperature of keeping and temperature of
the experiment, total volume of the cultivation
medium, frequency of manipulations, etc.), on
which detailed studies are available [Olkova et al.
2018; Terekhova et al. 2018].
Different sensitivity of individuals of the
same species under cultivation conditions or
experiments that differ from each other can become the basis for specialized bioassay methods
that assess not only toxicity, but also other ecologically important processes. For example, differentiation of the degree of toxic effect under
conditions of temperature variability during bioassay can be used to predict the consequences
of global warming. At the same time, interdependent processes occur, which are reflected in
the concepts of TICS (“toxicant-induced climate
change sensitivity”) and CITS (“climate-induced toxicant sensitivity “) [Delnat et al. 2019;
Meng, Delnat and Stoks 2020].
Thus, the origin of organisms and conditions
for their further maintenance significantly affect
their sensitivity to chemical stress. However, the
differences in responses associated with these
factors are most often observed not in one model population, but between cultures of different
laboratories. These intraspecific differences can
persist for a long time even when different model populations are placed in absolutely identical
conditions. Confirmation was found by the author
in several scientific bioassay laboratories, which
separately contained the test-cultures of amphipods and cladocera taken from other laboratories.
Probably, there are already mutations that have
become entrenched in the population.
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Annual and circadian rhythms
of organism activity
Most of the characteristics of the test-organism used as test-functions in bioassay have natural variations which are not caused by chemical
exposure, but associated with circadian (daily)
and circannual (seasonal) rhythms. Sometimes,
these fluctuations are very significant, so they
need to be studied and taken into account in order to obtain reliable research conclusions. It
was shown that the highest acetylcholinesterase
activity of freshwater fish Cnesterodon decemmaculatus is in summer and it decreases by 40%
in winter [Menendez-Helman et al. 2015]. A similar winter decrease in resistance to the toxicant
K2Cr2O7 in D. magna was observed, the maximum differences between the LD50 (K2Cr2O7)
indices were in winter and spring (p=0.02), and
the difference in responses in other seasons was
not significant [Olkova et al. 2018]. The animals
of the continental climate are characterized by a
winter period of dormancy, which explains such
seasonal phenomena. The work [Bernal-Rey et
al. 2020] also highlights the existence of seasonal variations in the dose-response relationship,
which may be associated with variations in the
metabolism of pollutants.
There are studies, the authors of which claim
that the test-organisms they offer, for example,
the Myriophyllum aquaticum macrophyte, does
not have significant seasonal variations in sensitivity [Turgut 2006]. However, the maximum
difference between the data obtained in different
months of the year in this study was 23%, which
cannot be ignored when interpreting the results.
There are very few studies on the influence
of the circadian rhythms of organisms on the results of bioassay, although it is known that circadian variations in the activity of animals are
also reflected in the metabolism of substances,
including toxicants coming from outside [SvarcGajic 2009; Mammalian Toxicology 2015]. The
study by Kang et al. provides the evidence that
the circadian cycles of Nilaparvata lugens affect
the effectiveness of imidacloprid. The scientists
explain this by two peaks in the expression of cytochrome P450 genes during the day [Kang et al.
2017]. When studying the effect of deltamethrin
on Anopheles gambiae mosquitoes, it was shown
that among the metabolic detoxification enzymes
there are those that depend on the time of day
(glutathione-S-transferases) and have constant
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activity (oxidases and esterases) [Balmert et al.
2014]. Thus, endogenous physiological and biochemical processes with a circadian rhythm can
affect the results of bioassay even within the
framework of experiments on one biological
species.
In part, the problem of the influence of the
rhythm of the vital activity of organisms on their
responses is solved by the transition from the
absolute values of the assessed indicators to the
relative ones (in comparison with the control).
However, when solving such important environmental issues as developing maximum permissible concentrations of substances, determining the
“weak link” of the ecological system, forecasting
environmental risks, it is necessary to take into
account the seasonal sensitivity of organisms.
Biotic factors
Biotic factors are a set of relationships between living organisms, including intraspecific
and interspecific interactions.
The cultures of many aquatic organisms, such
as fish, crustaceans, and molluscs, are not sterile; therefore, both synergistic and antagonistic
interactions between the representatives of this
model microcosm can be expected [Sulcius, Slavuckyte and Paskauskas 2017]. The contribution
of gut microbes to the metabolism and individual
toxicity of substances for various animals and
humans is increasingly recognized [Li, He and
Jia 2016]. For cultures of zooplankton organisms
(daphnia, rotifers) the appearance of cyanobacteria in cultivation water is dangerous, since they
are antagonists in relation to the organisms with
a filtering type of nutrition, and they also release
microcystin toxins [Liang et al. 2020; Asselman
et al. 2013]. There is often a need to introduce a
different biologic species into the culture as feed,
and factors such as abundance and frequency of
feeding can create differences in sensitivity to
toxicants among members of the same species
[Elendt and Bias 1990].
In the earlier work [Olkova et al. 2018], it
was shown that the density of model cultures of
test-organisms affects the lifespan and fertility
of D. magna – these are the parameters the variations of which are assessed when determining
the toxicity of the test medium. Confirmation of
this hypothesis can be seen in the work devoted
to the effect of the pesticide on the dragonfly
larvae Ischnura elegans under the conditions of
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competition between individuals and in their individual, isolated, keeping. Intraspecific competition appeared to increase the toxicity of chlorpyrifos [Op de Beeck, Verheyen and Stoks, Robby
2018]. This means that when developing laboratory bioassay methods, it is necessary to create
model groups of organisms with the density corresponding to natural populations.
In addition to the density of the model population, the intraspecific sensitivity of individuals to
toxicants is influenced by the phase of laboratory
population cycles. It was shown that the populations during the growth phase are the most resistant to chemical stress, and model groups in the
peak phase of population growth turned out to be
the most sensitive [Woo, East and Salice, 2020].
In bioassay interactions of individuals of one
biological species with representatives of another species are rarely taken into account, since
monocultures are most often used as test-cultures.
However, there are studies aimed at researching
toxic effects on the community of organisms. In
this case, the so-called microcosms are created,
i.e. artificial communities. Monteiro et al. conducted an experiment on the effect of water-soluble oil fractions on the on nematode assemblages
and suggested that the interspecies interactions
change the sensitivity of individual species [Monteiro et al. 2019]. This means that the sensitivity
of a particular species in a community and in a
monoculture may differ.
Thus, biotic interactions cannot be excluded
from the spectrum of factors that create interindividual sensitivity to toxicants, but they need to be
regulated, maintained within certain limits, as it is
usual, for example, with temperature or lighting.

COMBINED ACTION OF FACTORS
Of course, there may be a situation when intraspecific differentiation of sensitivity to pollutants is created by several factors at once, that is,
their combined effect is observed. The published
report [Dybing and Soderlund 1999] raises the
questions about complex effects of age, disease
and genetic polymorphic changes in the body on
individual differences in susceptibility to toxicants. The work [Delnat et al. 2019] presents the
evidence that the TICS concept, which connects
the thermal sensitivity of organisms and their resistance to toxicants, may also depend on the gender of the experimental animal. Op de Beeck et

al showed that the effect of chlorpyrifos depends
on both the ambient temperature and the level of
competition between individuals of the same species [Op de Beeck, Verheyen and Stoks 2018].
Under natural conditions, physical, chemical and biological stressors will change with the
season and climate, which leads to the changes
in the bioavailability of substances, their interactions with each other and, in some cases, to an
increase in the toxicity of chemical substances
[Noyes et al. 2009]. The advantage of bioassay
is that the combined acting factors can either be
regulated or taken into account when discussing
experimental results.
The authors [Wong and Carmona 2021]
showed that intraspecific variability of traits
makes a significant contribution to the functional
diversity of the population. From the ecological
point of view, the heterogeneity of a biological
species is a response to the combined action of environmental factors. Using probabilistic methods
of mathematical statistics, it is possible to record
intraspecific variability of traits in the individuals
of the same species [Wong and Carmona 2021].
The authors also propose taking into account the
factors of individual sensitivity using chemicalspecific adjustment factors [Kasteel and Westerink 2021]. Probably, such approaches can be used
to standardize the cultures of organisms in bioassays and improve the accuracy of bioassays.

CONCLUSIONS
Thus, the factors that determine the intraspecific diversity of the sensitivity of organisms to
toxicants are divided into the parameters determined by the genetic characteristics of the species
and the individual organism, and not depending
on them. This review shows how these factors,
in all their diversity, create heterogeneity in responses of organisms of one biological species.
In natural ecosystems, this is a process necessary
for the survival of a species under the conditions
of periodic chemical stress, and in bioassay this
is a reason for the scatter of data of toxicological
experiments.
Genetically, unconditioned factors such as
age, conditions of cultivation of organisms and
experiments, biotic factors are easier to standardize and control than the genetic characteristics of
organisms. Various mutations, genetic drift and
polymorphism contribute to so-called “misses” of
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experiments, which are often inexplicable. Only
recent studies have shown how cultures of testorganisms or cell cultures of the same species can
be divided into intraspecific genetic lines with
different resistance to toxicants.
The degree of differentiation of individual
sensitivity to chemicals will be lesser in the stenobiont biological species compared to the eurybiontic species. This principle is explained by more
significant adaptive capabilities of eurybionts
formed during evolution. Despite this, eurybionts
are more often used in bioassay, because they are
easier to cultivate, and they do not create significant restrictions on the parameters of the tested
media, like stenobionts.
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