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ABSTRACT: The paper examine the role of Chironomidae, an important group of invertebrate in assessing
pollution of aquatic ecosystems. Chironomid larvae account for at least 50% of the macro-invertebrate species in
freshwater ecosystems. They also play a key role in the purification of standing and running waters because they
are directly exposed to the effect of the contaminants and are able to accumulate in their tissues pollutants which
later are transferred to fish and wildfowl and, hence, to humans. Chironomid larvae possess good banded salivary
gland chromosomes which make Chironomids prospective subjects for cytogenetic monitoring of environmental
stress. The paper presents two indices: Somatic and Cytogenetic, that have been used successfully to assess the
degree of pollution of freshwater bodies and species responses. These indices are calculated on the basis of
somatic aberrations as biomarkers, identified in the polytene chromosomes of model Chironomid species.Closely
related species of Chironomidae show species-specific responses of the genome through a number of somatic
rearrangements related to changes in DNA structure and organization. Somatic chromosomal aberrations,used
for calculating the indices, are most often located in specific site, so called “hot spot” of the polytene
chromosomes..
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I. POLLUTION AND THE ROLE OF INVERTEBRATES AS MONITORS OF
ECOLOGICAL CONTAMINANTS

Contamination of the environment is one of the most serious problems facing the world. Large numbers
of species have disappeared, the structure and function of the ecosystems have changed and biodiversity has
decreased. A key task of humanity is therefore to protect the environment and improve quality of life. Central to
environmental protection is the development of methods and approaches for detecting and assessing the impact
of contaminants on ecosystems.

Biological approaches have a number of advantages that make them partitcularly suitable for assessing
antropogenic ecosystem change (Walker et al., 1998). Biological communities provide a direct means of studying
the impact of contaminants as they are exposed to and involved in the movement and transformation of pollutants.
Invertebrates have been extensively evaluated as monitors of ecological contaminants at the individual, population
and community level (Lagadic & Caquet, 1998). The development of bioassays using invertebrates has been
stimulated by both the biological and toxicological characteristics of these organisms. In particular, many species
can be maintained under controlled conditions while their specificity in response to different stress agents is an
advantage in toxicological stuides. Lagadic & Caquet (1998) emphasized that they can allow prediction of effects
at population and community levels and could therefore be used as early warning indicators of both deterioration
and recovery of ecosystems. By their position at different levels of the food web, invertebrates play functional
key role in ecosystems. Invertebrates can be found in a very wide range of habitats, they often have intimate
contact with the substrate. Many have a limited ability to move large distances and in this way they cannot escape
exposure to pollutants. Studies on aquatic invertebrates provided evidence to support the existence of causal links
between individual responses and changes at population and community level (Lagadic & Caquet, 1998).

1.1 FAMILY CHIRONOMIDAE, DIPTERA FOR ASSESSING POLLUTION IN THE
AQUATIC ENVIRONMENT
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One very important group of invertebrates is the Dipera, family Chironomidae and they have many
advantages in the assessment of environmental stress. Chironomid larvae are a widely distributed, abundant group
of species in aquatic ecosystems and have an important role in these ecosystems. Chironomid larvae account for
at least 50% of the macro-invertebrate species in freshwater ecosystems. Individual larva represents a basic unit
of a biological community as they integrate into single whole responses (molecular, cellular and organismal) to
environmental stress at the lower level of biological organization and being at the base of the food web will impact
on the higher levels of organization (population, communities and ecosystems) (Warwick, 1990).

From the perspective of assessing the pollution by biomarkers as an early warning system signalling
potentially compromised situations (Conti, 2008), studies of benthic larval stages of Chironomidae have been
considered as a suitable bio-monitoring model for eco-toxicological tests (Jannssen de Bisthoven et al., 1992) and
are included in both the Extended Biotic Index (De Pauw et al.,1992) and the Annex V.1.2.6 of the EC Water
Framework Directive. Chironomids can also be used for defining the trophic state of lakes (Saether, 1979). They
play a key role in the food chain transfer of contaminants of standing and running waters because they are directly
exposed to such substances and are hence able to accumulate in their tissues pollutants which later are transferred
to fish and wildfowl and, hence, to humans. Chironomid larvae are thus a primary link in the food chain, from
sediment to the higher trophic levels. They are very sensitivite to a range of environmental factors including
temperature, pH, food, freezing, salinity, oxygen and pollutants. Studies have demonstrated that metal
accumulation in Chironomidae can be used as an integrated measure of metal bioavailability and to predict the
ecological effects of metal toxicity on macroinvertebrate communities (De Jonge et al., 2012). Faria et al. (2008)
used larval development and growth as endpoints to biomonitor water quality and to assess the biological recovery
of metal contaminated freshwater ecosystems in mine waste polluted areas that are subject of restoration measures.
Larval growth and development were markedly inhibited in a stream that received acid drainage from a tungsten
mine (Faria et al., 2008). In-situ bioassays using Chironomus riparius Mg. larvae are a suitable tool to monitor
restoration efficacy after a prolonged period metallic sediment contamination (Faria et al., 2008).The external
morphology of the larvae: mandibles, antenna, submentum and epypharings are very sensitive to the pollutans in
the environment (Warwick, 1990) and the frequency of much mouthpart deformities in Chironomids correlate
with environmental pollution (Rawal et al., 2019). Some studies evaluated the potential for mentum deformity in
chironomids as an indicator endpoint of anthropogenic contamination level in freshwaters (Goretti et al., 2020).
They considered that morphological deformities possess a number of advantages for assessing and detecting the
impact of pollution in aquatic ecosystems. A modified toxic score index (MTSI) was recommended in the
bioassessment of water and sediment quality using the mentum deformities of Chironomus spp. larvae from
aquatic ecosystems receiving sewage, agricultural, or industrial discharges (Al-Shami et al., 2011).

However, Beermann et al. (2018) highlights the potential of DNA-based approaches when studying
environmental impacts, especially for ecologically important taxon such as Chironomidae and in the context of
multiple stressors as there are many studies indicating that the Chironomid genome is rather sensitive to
contaminatants in aquatic ecosystems (Sella et al., 2004; Michailova et al., 2012; Petrova & Michailova, 2021).

Chironomid larvae possess large and clearly banded salivary gland chromosomes which make this insect
prospective subject for cytogenetic monitoring of environmental stress and hence as an early warning of
contamination. According to Conti (2008) biomarkers are divided in two groups: general and specific. General
biomarkers are those responses indicate a general stress effect on the organisms in the ecosystems; specific
biomarkers are the molecular and biochemical responses detectable in organisms as a consequence of exposure to
a particular class of contaminants (Conti, 2008). Somatic chromosome aberrations in Chironomids salivary gland
chromosomes can be used as specific biomarkers in tracing the mutagenic effects of a number of stress agents
both in the field and under lab conditions (Michailova et al., 2012; Petrova & Michailova, 2021).

Having in mind the advantages of Chironomids as biomonitors, we used this knowledge to examine the
effect of several factors in the environment, in particular the impact of trace heavy metals pollutants on the
structure and functional organization of the polytene chromosomes with the aim of establishing their suitability
as biomarkers and the development of methods for detecting and assessing the impact of contaminants in aquatic
ecosystems and the consequent toxic effects.

I1. TWO INDICES FOR ASSESSING THE DEGREE OF POLLUTION IN FRESH
WATER ECOSYSTEMS

One very good biomarker at the cytogenetic level are somatic aberrations which affect a few (4-6) cells

of the salivary glands, specifically inversions, deletions, duplications and deficiencies (Michailova et al., 2012;
Petrova & Michailova, 2021). Using somatic chromosome aberrations, we developed two original and integrative
indices for quantifying the genome response to freshwater pollution.We propose two indices based on,
respectively, somatic and cytogenetic changes. The Somatic Index (S) was calculated as the ratio of number of
different somatic aberrations relative to the number of individuals studied and hence showed the response of the
species to a pollutant (Sella et al., 2004). The Cytogenetic Index (C) was estimated as the ratio of the mean
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percentage of somatic aberrations per individual in the control to that at each polluted station and detects the
degree of pollutation (llkova et al., 2014). Three levels of pollution was established based on the cytogenetic
indices: slight pollution with a cytogenetic index near to the control (0.9-0.8), moderate pollution (0.7-0.5) and
high pollution (<0.5). To estimate the level of sediment contamination by heavy metals the geoaccumulation index
(Igeo) was calculated using the Miiller (1981) equation. According to values of this index, Miiller (1981) described
seven categories of sediment contamination from unpolluted (class 0; Igeo<0) to extremely contaminated sediment
(category 6; Igeo>5). Studies of different species of Chironomids in the field and in the laboratory indicate the
applicability of these methods for assessing pollution of aquatic ecosystems (Table 1). The Somatic index of the
species presented in Table 1 results from a wide spectrum of somatic aberrations induced by trace metal pollution
of the aquatic basisns and shows the degree of chromosome instability in contaminated environment. It is also
apparent from Table 1 that a high level of pollution at all the studied sites is revealed by Cytogenetic index. As
can be seen from the Table 1, in both species: Prodiamesa olivacea Mg.and P.bureshi Michailova, no somatic
aberrations were found in the controls, and hence did not allow the calculation of a Somatic and Cytogenetic
index. However, it should be emphasized that in both species from unpolluted regions a high frequency of contacts
(ectopic pairing) between different chromosomes and parts of different chromosomes where detected (Michailova
et al., 2003b). These contacts are very important for the normal functioning of the cell and the three dimensional
structure of the nucleolus (Zhimilev, 1996) and therefore are likely to result in toxic impacts on the whole
organism.

From our laboratory experiments (Michailova et al., 2001; 2003a) and studies in the field (Sella et al,
2004; Michailova et al., 2012; 2015b; Ilkova et al., 2014; Petrova & Michailova, 2021) we concluded that trace
metal ions are highly genotoxic to Chironomid species. In all the sites shown in Table 1 the concentrations of
trace metals were much higher than the reference (unpolluted) sites. The data obtained for different species
indicate a relationship between the metal concentrations and the degree of genotoxicity as shown by the two
indices (Table 1). As Conti (2008) underlined, many contaminants are able to modify the genetic material and it
is therefore extremely important to use biomarkers to assist in the prevention of stressor that are harmful both to
humans and ecosystems. The various types of aberrations used to determine the two cytogenetic indices will likely
have an adverse impact on the species. It is therefore very important to identfy which cellular functions are affected
by the chromosomal aberrations resulting from environmental stress. A single biomarker alone might not be
sufficient to monitor the environmental quality. In general, it is necessary to have a complex of biomarkers
allowing the evaluation of the physiological integrity of the species present in a given ecosystem (Conti, 2008).
Using both indices based on established somatic aberrations increases the chance for a more detailed analysis of
the impact of environmental pollution on the species. Cytogenetical tests can also be used to evaluate the damage
done to the test species while information on the degree of pollution is important for the protection and
preservation of the environment. Therefore both indices represent a sensitive and reliable methodological
approach in the assessment of the impact of contaminants in sediments containing chironomid larvae.

Table 1: Somatic and Cytogenetic index in Chironomid species from sediments with concentrations of
trace metals higher than control (unpolluted) sites.

Site /year Somatic Cytogenetic Source
Species index (S) index (C)

Maritsa River, Bulgaria (2009) 1 0.0968 llkova et al.
Chironomus 2014
riparius Chaya River, Bulgaria (2009) 157 0.0904

Chaya River, Bulgaria(2010) 3.25 0.0648

Chaya River, Bulgaria (2013) 11.66 0.0635

Plovdiv farm, Bulgaria (2010) 2.28 0.0742

Control, Bulgaria (2013) 0.5 1.00
Chironomus ChayaRiver-Katunitsa, Bulgaria (site 1) (2013) 4 0.07 Michailova et al.
piger Chaya River- Kemera, Bulgaria (site 2) (2013) 3.64 0.06 2015b

Northern Afon Goch, UK (site 3) (2013) 1.92 0.10

Southern Afon Goch, UK (site 4) (2013) 3 0.13

Southern Afon Goch, UK (site 5) (2013) 35 0.13

Control - Balchik botanical garden, Bulgaria (2013) 0.26 1.00
Chironomus Chaya River — Kemera, Bulgaria (site 1) (2013) 1.93 0.33 Michailova et al.
bernensis Chaya River — Katunitsa, Bulgaria (site 2) (2013) 2.61 0.34 2016

Maritsa River — Milevo, Bulgaria (site 3) (2013) 1.79 0.27

Maritsa River- Parvomay, Bulgaria (site 4) (2013) 2.36 0,37

Maritsa River — Dimitrovgrad, Bulgaria (site 5) (2013) 2.39 0.34

Control, Dendrarium, Bulgaria (2013) 1.67 1.00

Chechlo River, Poland, (Site 1)(2016) Michailova et al.
Chironomus 15 0.38 2018;
annularius Chechlo River, Poland, (Site 2)(2016) 1.48 0.163
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Chechlo River, Poland, (Site 3) (2016) 2.23 0.193
Chechlo River, Poland (2016) 2.00 - llkova et al.
Control - Saraya (Pazardzhik), Bulgaria (2002) 1.08 1.00 2017,
Prodiamesa Biata Przemsza River, Poland (2016) 1.63 - llkova et al.
bureshi Biata Przemsza River, Poland (2016) 1.2 - 2017, 2018;
Biata Przemsza River, Poland (2016) 171 - Michailova et al.
Control - Old Mill Brook, Derbyshire UK (2000) - no - - 2003b
somatic aberrations
Prodiamesa Biata Przemsza River, Poland (2016) 7 - llkova et al.
olivacea Biata Przemsza River, Poland (2016) 1.24 - 2017, 2018;
Biata Przemsza River, Poland (2016) 0.69 - Michailova et al.
Control - Glossop Brook, Derbyshire UK (2000) - no - - 2003b
somatic aberrations

I11. SPECIES-SPECIFIC RESPONSE TO CONTAMINANTS IN THE
ENVIRONMENT

Another interesting phenomenon that we have identified is a species-specific response to heavy metal
contaminants. Closely related Chironomid species show different genomic response to trace metals depending on
their DNA structure and organization. For instance, closely related and morphologically nearly indistinguishable
Chironomus riparius Mg. and Chironomus piger Strenzke (Keyl & Strenzke, 1956) are sibling and
homosequential (have one and the same banding patterns) species differentiated at the cytological level by their
amount of DNA, by the localization of some retrotransposones (NLRCth1l, CTRT1, TFB1), and by the amount
and localization of the the repetitive DNA elements (Alu and Hinf) (Michailova et al., 2012; llkova et al., 2014).
In Chironomus piger, a sibling species of C.riparius, the pericentromere regions contain far lower numbers of
satellite DNA clusters and, overall, much fewer copies of repetitive sequences (Schaefer & Schmidt, 1981). Both
species have striking differences in the number of C heterochromatin bands, which in the C. piger genome are
localized in centromere regions only, while C.riparius possesses numerous C-bands including in the centromere
regions (Hagele, 1977; Michailova et al., 2015a). Also, these closely related species differ in the organization of
the heterochromatin (Michailova et al., 2015a). The difference in the organization of DNA in the two species
reflect their sensitivity to the pollutants in the environment. For a long time, both species were considered as
nearly monomorphic (Michailova, 1989). Later, however, Michailova et al. (1996; 1998; 2000) and Sella et al.
(2004) observed more than 200 structural somatic chromosomic aberrations in C. riparius larvae from heavy metal
polluted stations. These aberrations were distributed at different points in all arms of the polytene chromosomes
of C.riparius (Petrova et al., 2004; llkova et al., 2007). In C.piger they were concentrated in pericentromeric
regions of the chromosomes CD and EF and proximal parts of arms D and F. It was shown that significantly more
somatic aberrations occurred in the C.riparius genome compared to C.piger (G = 61.923,df = 1, P<0.001) (llkova
etal ., 2007). Different genome responses as shown by somatic structure chromosome rearrangements, that from
the basis for calculating the somatic and cytogenetic indices, are also found in another sibling species of the genus
Prodiamesa: P.olivacea Mg. and P.bureshi Michailova, collected from polluted rivers in Poland (llkova et al.,
2017; 2018). More cells containing aberrations were observed in P. olivacea than in P. bureshi.

Of particular interest is the behavior of chromosome G of these sibling species. In trace metal polluted
sites (Michailova et.al., 2012; 2015b; llkova et al., 2014; Petrova & Michailova, 2021) as well as in laboratory
studies (Michailova et al., 2001; 2003a) with specific trace metals, chromosome G of both sibling species were
converted into a “pompon” chromosome due to the deletion of the very important key structures in this
chromosome, the so called Balbiani Rings (BRs) (Figure 1). This aberration can be easily identified by those who
are not familiar with the polytene chromosome banding pattern of Chironomids and hence the appearance of
“pompon” chromosome can be used as a good genomic biomarker in the routine assessment of environmental
stress.

Together with somatic structural chromosome aberrations, other very important indicators of
environmental stress are changes in the functional activity of two key structures, the Balbiani Rings (BRs) and
Nucleolar Organizer Region (NOR). Between one and three BRs are present (depending on the species) and
contain genes coding for the high-molecular weight silk proteins that are necessary for the production of the tubes
in which the larvae live. They are sites of intensive transcription, which can be detected by the formation of large
puffs. The NOR is essential for cellular maintenance and ribosomal production machinery, which is highly
conserved through evolution. The level of activity of the BRs and NOR was significantly lower in laboratory
exposed larvae or those from the polluted sites (Michailova et al., 2012; 2015b; Petrova & Michailova, 2021)
compared to chironomids from unpolluted waters. These key cell structures therefore may play a pivotal role in
monitoring and responding to stress in the environment and can be identified by every one who is not familiar
with the polyetene chromosomes.
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Figure 1: Chromosome G of Chironomus riparius Mg.
a. Standard band structure with two Balbiani rings (BRb, BRc) and Nucleolar Organizer Region (NOR); arrow —
centromere region. Bar: 10 pm.
b. “Pompon” chromosomes formed due to deletions of the BRs and part of the chromosome. Bar: 10 um.

IV.”HOT SPOTS” IN THE POLYTENE CHROMOSOMES

Most somatic chromosome rearrangements used in both the above indices are not randomly distributed.
They occur more frequently in specific sites on the chromosome, called by us “hot spots”, and contain satellite
DNA and/or transposable elements (Hankeln et al., 1994; Bovero et al., 2002; Michailova et al., 2009). The
insertion sites of the transposable elements (NLRCth1, CTRT1) in the C. riparius genome, detected by FISH were
higher than those of C. piger genome (Michailova et al., 2007; 2009; Ilkova et al., 2013). The higher number of
copies of dispersed repetitive sequences in C.riparius genome compared to C.piger indicate a greater sensitivity
of the C.riparius genome to pollutants. In C.riparius, the somatic aberrations affected all chromosomes, while in
C.piger they are concentrated mainly in pericentromeric regions, and at a few sites, of two arms. This confirmed
Kale’s et al. (2005) suggestion that stress agents in the environment activate transposable element mobility in the
genome and influence genome instability, resulting in numerous somatic chromosome rearrangements.

It is therefore apparently that structural aberrations and functional alterations (i.e.a decrease in the
activity of BRs and NOR) are particularly suitable biomonitoring tools in that they provide early warning signals
of adverse long-term effects of pollution in the population. Moreover cytogenetic changes area more sensitive
indicator of pollution than is the external morphology of the larvae.

V. CONCLUSION

It is clear that the cytogenetic response of chironomids, specifically somatic aberrations which can be
quantified to produce a somatic and cytogenetic index provides a potentially powerful environmental monitoring
tool which can aid in preventing long-term effects of anthropogenic stress at the population and community level.
Both indices could also provide a reliable and effective biomarkers tool to assess the degree of genotoxicity of a
range of toxicants. We conclude that the somatic and cytogenetic indices could be included in the suite of bio
assessment methods.

Future research should be aimed at defining precisely the mechanisms involved in the specific phenotype
and genotype changes of Chironmid species from polluted sites.
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