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Abstract
Immediate assessment of genetic damage in methyl isocyanate (MIC) gas exposed population in small and heterogeneous samples using diversi�ed study
designs and solid-stained metaphases could not depict the actual genetic impact of MIC on accidentally exposed individuals. The outcome of the then large
multi-center genetic screening program was not available to the public and scienti�c community. Also the routine of the regular epidemiological health-survey
does not capture the genetic and long-term effect of MIC. Therefore, genetic screening was carried out 30-years post disaster during 2015–2017 with a view to
screen the present status of chromosomal consequences in lymphocytic cells. Participants were recruited from moderate (34) and severely (78) exposed, and
unexposed (35) cohorts with their informed consent. Analysis of ~ 100 mitotic cells and karyotyping of at least 10–15 and all abnormal metaphases detected
structural and numerical alterations, including stable and replicable ones. Clonal abnormalities were detected with monosomal and complex karyotype,
trisomy 8, del5q/20q, loss of Y, etc. Among all, X-chromosome was frequently involved in numerical alterations. Structural aberrations appeared higher in the
then exposed populations, though abnormalities cannot be linked directly to MIC-exposure 30-year post disaster. Collectively, all rearrangements were
markedly higher in the severely exposed population. Altogether, the detected abnormalities appeared random and indicated genomic instability, suggesting
follow-up at shorter intervals for the individuals detected with clonal aberrations. G-banding has facilitated recognition of chromosomal involvement and their
breakpoints, and classi�cation of structural rearrangements. The present data has been derived from the 30-years post-disaster genetic screening.

Introduction
Survivors of the historical methyl isocyanate (MIC) gas disaster of Union Carbide India Limited (UCIL) in Bhopal, India have completed over three decades,
though many are living with the onset of multi-system illnesses and co-morbidities (Ganguly et al. 2017). Many of them have attained 60 years of age and
several will be so shortly. Progenies of two younger generations have been added to a number of MIC-exposed survivors since 1984. For some of them, both
male and female partners were exposed to MIC whereas for others, only one partner was exposed. Nevertheless, the exposed individuals are living mostly in
the same localities of Bhopal, but the thatched hutments of the then residences have been converted into concrete houses. However, today’s congested houses
have hardly any route of ventilation for fresh air (Ganguly et al. 2017). Importantly, the severely exposed people i.e. residents of UCIL-adjoining areas are either
day-laborers engaged in cement construction, truck drivers or road-side vendors, meaning they are being continually exposed to various occupational hazards
and environmental pollutants. Needless to say, these illiterate or semiliterate people are addicted to tobacco smoking and/or chewing and home brewed ‘desi’
crude alcohol, which can potentially aggravate the mutagenic effect.

The grim aftermath of the Bhopal disaster prompted extensive research on toxic potential of MIC gas in vivo and in vitro across the globe on one hand (EHP
1987), and health survey and search for chromosomal aberrations in exposed victims in peripheral lymphocytes on the other (Dhara et al. 2002). Though
small in sample size and suffered weak study designs and non-uniformity of study protocols, the immediate epidemiological studies demonstrated
chromosomal damage in MIC-exposed populations (Ghosh 1988; Ghosh et al. 1990). A large screening consortium sponsored by the Indian apex body of
health research carried out during 1985–1989, was not reported to the public and scienti�c community (ICMR Technical Report 2008), unlike other industrial
accidents occurred elsewhere (Kreja et al. 1999; OECD 2013; Salassidis et al. 1995; WHO 2010). As it is, the follow-up genetic screening received little attention
for survivors of any chemical accident for monitoring the acquisition and persistence of stable rearrangements and/or transmission to their progenies
(Lindholm et al. 1998; Pressl et al. 2000).

Surveillance studies of chemical exposure have been carried out on clastogenic agents such as vinyl chloride, styrene, benzene, ethylene oxide and so on.
Reduction of chromosome aberrations in some of the studies has been correlated with improvement of industrial hygiene (Ashby and Richardson 1985).
However, there was a great variation in pattern, duration and extent of exposure, prophylactic intervention with ascorbic acid, heterogeneous controls and
sample sizes, etc. and thus, the studies could not provide much information on the persistence and/or acquisition of stable aberrations in chemical-exposed
individuals. Also, the nature of stable and unstable aberrations and chromosomal involvement are completely unknown due to paucity of data reported.
Therefore, half-life and life-span of chemical exposed lymphocytes remain almost unexplored unlike their radiation-exposed counterparts (Ashby and
Richardson 1985; Vainio and Sorsa 1991). Nevertheless, surveillance assay on MIC-exposed population is completely lacking in early or late stages of follow
up for cytogenetic analysis (Ganguly et al. 2017). Also it was postulated that the presence of cytogenetic effects in exposed populations could indicate a
possible mutagenic or carcinogenic hazard to the exposed, and if such incidents are not evidenced, then the chemical is genotoxic only in vitro, or the exposed
people are protected adequately (Ashby and Richardson 1985). Thus, the opportunity now exists to probe the long-term consequences of acute MIC-exposure
even though the number of confounding factors has probably increased over the last 30 years (Ganguly 2019a).

The present study was planned to screen for stable and replicable rearrangements by employing conventional G-banding. The lymphocytic chromosomes
were studied for exposed and unexposed individuals of Bhopal to track stable, heritable and clonal aberrations, if any, along with chromosomal involvement
and their breakpoints. The study was aimed primarily to check the present genetic condition of the MIC-exposed population (Ganguly and Mandal 2017).
However, complex interaction of occupational exposure, environmental pollution, life-style, nutritional condition, etc. with their immune system over last three
decades and its impact on health was potential confounders in the present study, besides aging and inherent genetic makeup of the participants (Ganguly
2019b; Ganguly et al. 2018a). Therefore, assessment of present genetic condition was highly complex (Ganguly 2019a; Ganguly et al. 2018b). To simplify the
issue, intervention of G-banding analysis was meaningful to quantify the present qualitative differences in chromosomal alterations between differently
exposed and unexposed individuals. Karyotypic analysis of banded chromosomes following ISCN classi�cation has facilitated identi�cation of chromosomes
involved in inter- and intra-chromosomal rearrangements and clonal aberrations. The primary aim was to screen the amount of abnormal cells carrying stable
aberrations and complex karyotype, which have been acquired post MIC-disaster over three decades. Although the abnormalities could not be linked directly to
MIC-exposure due to combined effect of a number of confounders, it was expected to extract information on the spectrum of acquisition and persistence of
chromosomal rearrangements, which could further identify ‘at risk’ individuals for their future health or their progenies. The present study, though carried out
on a small sample size and �rst time after 30 years of the MIC-disaster, was important and necessary in order to present an accurate picture of the type of
chromosomal aberrations in MIC-exposed individuals after three decades amid several biological and a-biological changes.
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Materials And Methods
The participants were identi�ed as exposed or unexposed from the unique identi�cation numbers assigned to families/individuals by Indian Council of
Medical Research (ICMR), Government of India, based on the immediate mortality rates of the accident. ICMR classi�cation did not consider the distance of
exposed residences from the UCIL plant or The International Medical Commission on Bhopal (IMCB)-protocol (Dhara et al. 2013) for classi�cation of exposure
status. Undulated topology of land surface in Bhopal and the dispersion of air in foggy winter night resulted in non-uniform dispersion of MIC gas, which was
evidenced by moderate exposure of locations very close to UCIL such as area no. 3 and 4 of ICMR classi�cation (ICMR Technical Report 2008). ICMR-assigned
numbers were helpful for identi�cation of the subjects for the present study (Ganguly 2019a; Ganguly and Mandal 2017). The participants were counseled
and explained about the purpose of the study and possibilities of gain and/or loss from participation, and were also given a summary of the project printed
both in English and the local language (Hindi). Their consent was collected for participation in the present study and use of the result for subsequent
publication. Each recruited individual was classi�ed as ‘moderately’ or ‘severely’ exposed based on the ICMR classi�cation and the subject’s residential
location in 1984. There were only three participants from the mildly exposed cohorts, and thus, not included in the study to avoid the effect of skewed sample
size. All the participants from the classi�ed exposed zones were exposed to MIC of different intensity and duration, and hospitalized for medical intervention
on emergency ground. They were living in the same localities, but in concrete houses, at the time of present sample collection. Although number of members
of these families died following MIC-accident immediately or subsequently; however, the present participants survived. Altogether, 35 unexposed, 34
moderately exposed and 78 severely exposed individuals consented of participation (Table 1); however, blood sample could not be collected from 16
unexposed individuals due to their unavailability at the time of scheduled collection time or declined from participation.

Approval of Institutional Ethics Committee (IEC) was obtained prior to collection of blood from the ICMR-National Institute for Research on Environmental
Health, Bhopal and MGM New Bombay Hospital, Navi Mumbai for the present investigation. Peripheral venous blood (~ 2-3ml) was collected by the
phlebotomist from each participant in sterile sodium heparin vacutainers from the participants’ residence, and transported to Mumbai by express courier.
Packaging was done in Styrofoam box with adequate protection for preventing hemolysis and spillage on transit. The possible impact of transit
time/condition on metaphase-yield was validated through testing of 10 samples prior to handling of study samples. All reported samples were received in
Mumbai within 10–12 hours and processed for whole blood culture in RPMI-1640 medium supplemented with fetal bovine serum and phytohemagglutinin
(PHA) (all from GIBCO, NY, USA). Replicate cultures were maintained at 37ºC for 72 hours and terminated following standard colchicine-hypotonic-�xative
protocol as recommended for clinical studies (Ghosh 1988; AGT 2017; Lawce and Brown 2017), instead of a 48h protocol, which is recommended for
exposure study (OECD 2014, 2015). Also if the chromatid aberrations survive the �rst mitosis and the DNA is replicated, then the following metaphase may
produce chromosome-type secondary aberrations derived from the chromatid aberrations in hematopoietic stem cells. Since this investigation has been
performed after 30 years, 72h protocol was not expected to result in elimination of damaged cells in the subsequent cell division, rather derived chromosome-
type secondary aberrations were captured. Metaphase spreads were prepared on chilled slides and stained via GTG-banding (Ganguly et al. 2007). The
investigating laboratory has been handling clinical specimens for cytogenetic diagnosis of heritable genetic disorders and acquired hematologic malignancies
over decades. Thus, the present cytogenetic data was collected by the investigators at MGM New Bombay Hospital, Navi Mumbai, India through
administrative support of the ICMR-National Institute of Environmental Health, Bhopal, India.

Approximately 100 G-banded metaphases were analyzed and at least 10 and all abnormal metaphases were karyotyped following ISCN classi�cation (ISCN
2016) with the help of IKAROS software (MetaSystems, Germany). The screening recorded all numerical and structural alterations comprehensively along with
the identity of participating chromosomes and their breakpoints. Abnormalities, including trisomy, translocation (t), dicentric (dic), inversion (inv), ring (r),
complex (CK) and monosomal (MK) karyotype, markers (mar) and minutes (min/dmin), deletion (del), premature chromosome condensation (PCC), derivative
(der), chromatid (chtd) and chromosome (chm) breaks (bks), unbalanced translocation (ubt), tri- (tridr) and quadri-radial (qdr) chromatid exchanges,
rearrangements (rrt), fragile sites (frag), etc. were recorded in the circulating lymphocytes following mitogenic stimulation in vitro. Metaphases with ≥ 3
aberrations were de�ned as complex karyotypes (CK) (Ganguly et al. 2018c). The collected abnormalities were categorized and presented in differently
exposed population wherein each cell in a row represents types of similar abnormalities observed in a single individual; however, each cell of a row may
represent a single or different individual (Table 2). The cells of the rows and columns do not represent the total aberrations observed in a single lymphocyte.
Hypodiploid and hyperdiploid (hyper) (not tetraploid) cells were grouped as CK since these cells have a number of numerical alterations, and in some cases, in
association with structural rearrangements. Constitutive abnormalities have not been included in the compilation of these acquired aberrations; however,
acquired aberrations in the carriers of constitutive aberrations have been considered in this analysis. Clonal abnormalities have been presented separately in
males and females, which was not signi�cant in chi-square test (Table 3). Cells that appeared with the same abnormalities in two or more cells were de�ned
as clones. Chromosomal involvement and their breakpoints have been recorded for almost all sorts of aberrations (Table 4. Chromosomal participation in
aberrations was random and signi�cant in chi-square test. Statistical comparison of mean aberrations was performed by using SPSS statistical package
(Table 5).

Fluorescence in situ hybridization (FISH) including multiplex (mFISH), �uorescence banding (mBAND) and/or other molecular techniques could not be
employed for the present study due mainly to non-availability of fund to support procurement of reagents. Indeed, FISH or molecular screening would have
been less strenuous than analysis of G-banded chromosomes and less time consuming, and also could have detected cryptic rearrangements and copy
number variations (CNVs), which might have been missed in the present G-banding analysis. However, the present data described the real-time incidence of
chromosomal rearrangements at whole genome level.

The present study has shortcoming on several counts, including collection of information on present or past smoking status, though almost all had the habit
of tobacco chewing with betel leaf and other ingredients. Also, an appropriate size of control data is a prime importance in any human surveillance study,
which was low in number (Lawce and Brown 2017). However, all control subjects were recruited from Bhopal and their cytogenetic data has been acquired
alongside the exposed population for consistency in data collection (Ganguly and Mandal 2017). Altogether, sample size was small for this kind of
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surveillance assay of accidentally exposed population, and therefore, the assay should be continued on larger sample size to demonstrate the signi�cance of
acquired stable aberrations in this population.

Results
The demographic information of the participants was collected through personal interview and the same was compared with the previous records, which
showed more female participants than males in each exposure strata (Table 1). Investigation of chromosome abnormalities in MIC-exposed population
following conventional G-banding has collected a wide spectrum of numerical and structural rearrangements in MIC-exposed and unexposed population 30
years after the MIC-exposure. The structural abnormalities of different classes of aberration are computed from 7916, 4511, and 1986 cells observed for
subjects of severely and moderately exposed and unexposed individuals and presented in Table 2a and b. Chromosomal images of different types of intra-
and inter-chromosomal rearrangements, including dicentrics, inversion, centric rings, balanced and unbalanced translocations, asymmetric chromatid
rearrangements, and terminal and interstitial deletions are presented in detail in karyotypic form (Figs. 1 and 2). Every single aberrant cell, including those with
similar abnormalities, is presented to highlight the frequency of aberrations and clonal occurrence. The aberrations were mostly acquired spontaneously after
the disaster and observed only in a single cell in most of the individuals. Trisomy, monosomy, fragile sites, markers and minutes, complex rearrangements,
chromatid and chromosome breaks, etc. were observed along with endoreduplication, micronuclei, and hypo- and hyperdiploidy (Table 2a and b; Fig. 1–7).
Among all, inter-chromosomal chromatid (qdr/tridr) and intra-chromosomal (inv/r) rearrangements were infrequently seen. In contrast, inter-chromosomal two-
way translocations were prevalent besides deletions and numerical alterations (trisomy and MK) (Table 2). Few individuals were observed with constitutive
abnormalities such as fragile site in 16q22, del(9q), t(6;11), etc.; however, these aberrations were not considered in the analysis of the combined data since the
focus of the present discussion was not just on acquisition and persistence of aberrations, but on nature of rearrangements and chromosomes involved. Cells
with complex aberrations (CK) had multiple rearrangements (≥ 3), and some of them were too complex to be classi�ed karyotypically (Fig. 3). Karyotypic
classi�cation, though attempted for few such cells, may not be very accurate. In all, the frequencies of total rearrangements were observed as 2.11%, 1.49%
and 0.70% in the severely exposed, moderately exposed and unexposed population respectively (Table 2b). The abnormalities were higher in the severely
exposed population than moderate exposure or unexposed groups. The chromatid exchange was not detected in moderately exposed and unexposed
population.

The abnormalities were detected in PHA-stimulated lymphocytes in the circulating peripheral blood. Clonal abnormalities (similar abnormalities in ≥ 2 cells)
such as monosomy 7, trisomy 8, der(10q), rearrangement of 15q, del(16q22), -20/del20q, and loss and gain of X and Y chromosomes were observed (Table 3).
However, abnormal clones were not frequent among the 130 individuals studied. Double of -7/+8 and del5q/-7 were present in two individuals where the latter
individual had additional complex rearrangements in hyperdiploid condition (Fig. 3a). It is important to mention that some of these clonal aberrations are
speci�c to hematopoietic disorders (Ganguly et al. 2016; Ganguly et al. 2018c). However, the incidence of clonal aberrations was not signi�cant in the two
genders in chi-square test (Table 3).

Identi�cation of chromosomes involved in rearrangements was carried out by karyotypic classi�cation of all aberrant metaphases following ISCN system
(Fig. 1, 2, 4). Among 22 pairs of autosomes and two sex chromosomes, involvement of X was markedly high, which was mostly numerical (monosomy and
trisomy) followed by deletion (Table 4; Fig. 4). Altogether, structural abnormality was infrequent in X chromosome, except 3 breaks, 1 r(X) and 1 frag(Xq26).
Two pericentric inversions were noticed in Y besides its loss (3 cells) and gain (1 cell). Among the autosomes, chromosomal involvement was random
irrespective of the size and DNA content of the chromosomes, though chromosomes 4, 8, and 9 participated frequently in both numerical and structural
rearrangements. Among all structural alterations, translocations (grouped with dicentrics as t/dic) were frequently observed wherein chromosomes 2, 9, 11
and 15 were randomly involved (Fig. 2). Chromatid and chromosome breaks were predominant among all structural aberrations in almost all chromosomes,
except chromosomes 13, 21 and 22 (Figs. 4 & 5), though deletions were recorded in these chromosomes (Table 4). The Fig. 5 highlights the breaks and
breakpoints observed in different chromosomes. Statistical analysis following chi-square test on chromosomal involvement in different types of aberrations
appeared signi�cant at 0.05% (p < 0.05) (Table 4). Statistical comparison within and between exposed groups was carried out by using SPSS statistical
package using α at 0.05 level. One-sample test has revealed statistically signi�cant differences among the types of aberrations in all three exposed cohorts
(Table 5a). Paired t-test has presented signi�cant differences between two different exposed groups (Table 5b).

Numerical abnormalities were predominantly observed as monosomy 7 and trisomy 8 besides loss or gain of X and Y chromosomes. However, hyperdiploidy
was noticed in a fraction of cells with multiples of autosomes (Fig. 7a). These cells appeared with inconsistent chromosome numbers with tri- or > trisomies,
sometimes accompanied by complex rearrangements (Fig. 7a. 5th & 6th image). Endoreduplication observed in lymphocytes after 30 years (also detected
shortly after the disaster by Ghosh et al. 1990) might have resulted in tetraploidy following segregation of chromosomes in the subsequent cell division
(Fig. 7b). Hypodiploid cells were also noticed with varying chromosome numbers ranging from 5 - <46 (Fig. 7c). One possible explanation is that the large
micronucleated cells carrying ‘laggards’ of whole chromosome(s) might have subsequently entered into mitosis, resulting in ‘microcells’ with less number of
chromosomes. In general, evaluation of numerical aberrations including aneuploidy, polyploidy or endoreduplication is not recommended in the standard
design of the ‘chromosome aberration test’ because polyploidy per se does not indicate aneugenic potential. However, the present G-banding analysis has
recorded all sorts of recognizable aberrations, which has helped detecting monosomy, trisomy and hyperdiploid condition (OECD 2014, 2015).

Collectively, the structural abnormalities such as deletion, translocation, and inversion are stable and may persist till the parent as well as all daughter cells
die. However, replication of these cells with stable aberrations may establish clones, which eventually may expand and result in neoplastic transformation
and/or pass on to the next generation. The presence of these aberrations in germ cells could result in constitutive abnormalities in the next generation. Some
of the hyperdiploid cells in association with structural rearrangements indicate chromosomal instability and higher risk in future health. Taken together, the
numerical and structural abnormalities indicate genomic instability, at least de�nitely for them having more than two such abnormal cells. The abnormalities
were markedly higher in the severely exposed population. Nevertheless, the abnormalities could not be correlated with their lifestyle or occupational exposure,
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though approximately 50% had habit of tobacco consumption in some form (smoking or chewing) (Table 1). Since females constituted large fraction of the
participants, they were mainly were engaged in house-hold activities and presumed to be not exposed occupationally.

Discussion
Epidemiological health survey has been established as a continuous process for monitoring MIC-exposed population of Bhopal, India (Technical Report 2013;
Ganguly et al. 2017). Cancer incidence in Bhopal has been reported by ICMR (National Cancer Registry Programme 2010). A questionnaire-based survey has
reported the spectrum of health status (Ganguly et al. 2018b); however, the information could not be corroborated with the medical records since the records
are being maintained by the health care providers. Therefore, information on risk of disease-susceptibility could not be established. Additionally, no
information is present in literature on the genetic or epigenetic status of the MIC-exposed population. Moreover, scienti�c investigation on the long-term effects
of MIC has not gained importance although it has potential to affect the future health of the victims and their progenies. In fact, assays to test the persistence
of immediate effects or occurrence of new disease-onset in the long run have rarely been performed for cases of chemical exposure. MIC-exposed individuals
showed severe damage in lungs and eyes as an immediate effect, which crippled the gas victims with breathlessness and blurring of vision at a relatively
younger age (Ganguly et al. 2017). However, immediate genetic effects reported by individual and small studies as part of the multi-center genetic screening
conducted by ICMR has not been reported. Therefore, a genetic screening was required to extract information on the present genetic status of the exposed
subjects and their progeny (Ganguly and Mandal 2017; Ganguly et al. 2019).

The present screening carried out 30-years post disaster has described the incidence of clonal and non-clonal stable aberrations in circulating lymphocytes,
with special emphasis on the type of alterations, development of abnormal clones and chromosomal involvement in rearrangements. The abnormalities were
randomly acquired in sub-population of lymphocytes, irrespective of the DNA-content of chromosomes (Ganguly et al. 2000; Ramalho et al. 1995). Altogether,
aberration per aberrant cell was signi�cantly higher in the two exposed groups compared to unexposed population, and that was signi�cantly higher in the
severely exposed population than the moderately exposed group (Ganguly and Mandal 2017). None of the present subjects had baseline cytogenetic data
collected prior to accidental exposure to MIC where a natural biological variation could signi�cantly interfere in discerning the long-term effects of MIC.

The information on overall health of each participant appeared very general. Every participant complained about eye, respiratory and orthopedic problem. The
present study population were exposed to MIC, but survived the exposure for at least an additional 30 years. Hence, one might presume that they had
experienced low exposure, despite being assigned to regions of moderate or severely exposed areas. Over the past 30 years, given the lifestyles and
occupations of these subjects, it is not unreasonable to assume that the observed chromosome aberrations were acquired after the MIC disaster, and in
conjunction with the impact of biological and environmental confounders. Three people have died during the present study, of which one had cancer and all of
them appeared with extreme hypocellular condition in their peripheral blood. Although MIC was established as a non-mutagenic agent in vitro (EHP 1987), its
clastogenic effect reported in exposed population may trigger clonal development and its expansion in association with cooperating effects of mutagenic
events, which may arise from biological aging of lymphocytes.

Cells with structural and numerical genetic abnormalities caused by exposure can potentially circulate through the body for several years before they are
eliminated due to cell death (Hande et al. 2003). However, 30 years past the MIC-disaster, many of exposed and unexposed subjects have either passed away
or at least the aberrant cells in their bloodstream can be expected to be dead. The majority of the aberrations observed in Giemsa-stained assays, for instance,
such as acentric fragments, dicentrics, rings, and asymmetric chromatid exchanges are likely to be unstable and will lead to the early death of the aberrant
cell. In the surviving population, it is still possible that an elevated frequency of chromosomal aberrations in peripheral lymphocytes after the disaster could
have increased the current risk of cancer (Yunis 1983; Heim and Mitelman 2015). Balanced translocations, which are associated with activation of proto-
oncogenes (Yunis 1983), cannot be recognized at whole genome level without G-banding or mFISH, and are usually not scored in population monitoring
studies (Carrano and Natarajan 1988). The “master gene” model dictates that transcription factors (the “master genes”) are the main target for activation of
translocation in acute leukemias and solid tumors (Rabbits 1994). Chromosome painting (FISH) has detected persistence of translocations in the peripheral
lymphocytes of victims 15 months after a radiation accident in Brazil (Natarajan et al. 1991), in Hiroshima atomic bomb survivors several decades after
exposure (Lucas et al. 1992) and also in plutonium workers (Hande et al. 2003). The frequency of translocation measured by FISH-painting 6 years later was
similar to that of dicentrics measured 39 days post-exposure. However, the majority of the surveillance assays performed after chemical-exposure, though
reported stable aberrations, are inconclusive on the frequency and survival of translocations, chromosomal involvement and the affected breakpoints (Ashby
and Richardson 1985). The frequency of stable intra- or inter-chromosomal rearrangements studied by mFISH and/or mBAND FISH, though infrequently
reported for chemical exposure, displayed power to detect such cryptic rearrangements at whole genome level (Hande et al. 2003). The present G-banding
study, though enables screening of all chromosomes along with their breakpoints (which indicates possible alteration of oncogenes or tumor suppressors),
may not be able to detect the cryptic rearrangements and CNVs. Therefore, the quanti�cation of stable aberrations might have led to underestimation of
aberrations, and thus, this study population could have more structural aberrations than presented in the present data. Putting together, the aberrations were
mechanistically orchestrated by erroneous/ine�cient DNA repair, mitotic non-disjunction due to defects in spindle assembly, DNA-replication stress, telomere
shortening/dysfunction, and so on; collectively, factors of mitotic catastrophe.

In the present study, spontaneous and acquired abnormalities have largely included monosomal karyotypes, trisomy and complex rearrangements. This kind
of rearrangements is frequently reported in hematopoietic stem cells of elderly individuals, myelodysplastic syndromes (MDS), acute myeloid leukemia (AML)
and accelerated phase of chronic myeloid leukemia (CML) (Hasse et al. 2007; Ganguly et al. 2016; Ganguly 2017a; Ganguly and Kadam 2016; Schanz et al.
2013; Arber et al. 2016). Interestingly, some of the present abnormalities appeared as clonal. Thus, there is an obvious question whether these individuals are
at risk of hematologic neoplasia. This type of aberrations was considered for bone marrow examination in individuals exposed to petroleum vapor (Hogstedt
et al. 1981). One individual was observed with a reciprocal translocation between 9q34 and 22q11. It is important to mention that Ph-chromosome of t(9;22)
(q34;q22) has also been reported in apparently normal individuals (Ganguly et al. 2007; Boquett et al. 2013). Hyperdiploid condition in adults is often reported
to have AML (Hawkins et al. 1995). Importantly, higher frequency of trisomies of X and 8 observed in the unexposed population might have been in�uenced by
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aging, occupational, and environmental exposure and other confounders. Nonetheless, the abnormalities detected in the present study could not be correlated
with ‘genetically signi�cant dose’ (GSD) of MIC due mainly to the fact that there was no knowledge about their exposure to other xenobiotics during the past
30 years (Sobels 1982; Ganguly et al. 2017). Moreover, complete or partial deletions indicate happloinsu�ciency and inactivation of tumor suppressor genes
(Hande et al. 2003; Ebert et al. 2008). Altogether, the chromosomal alterations detected in the present study could not directly be correlated with MIC-exposure
(Ganguly et al. 2017), which occurred 30 years ago.

In general, information available on surveillance studies in chemical exposure is scanty and inadequate, and based on inappropriate study design, insu�cient
sample size, and non-harmonized study protocol and interpretation of the result (Ashby and Richardson 1985). Follow-up of MIC-exposed population has not
been performed since the disaster to study the elimination of aberrant cells over time. Also, the survived population did not experience severe exposure as they
could overcome the acute effect and survive > 30 years after the disaster. However, the peripheral lymphocytes (study-cells) got exposed almost completely at
G0 phase of the cell cycle, and peripheral blood cytogenetic assay may not detect S-phase-speci�c clastogens as demonstrated with formaldehyde (Fleig et al.
1982; Miretskaya et al. 1982). Rather, many of the aberrations scored are dependent on the lesions being present in the genome during its replication induced
by mitogen. Delayed expression of chromosomal rearrangements and persistence of stable aberrations were reported in benzene-exposed individuals (Vainio
and Sorsa 1991). Assay of sister chromatid exchanges (SCE) in the subsequent metaphases of the cells exposed in vivo at G0 has predicted its failure to
remove the lesions during G0-G1 phase of the cell cycle (Wolff 1981; Ghosh 1988). It therefore seems probable that MIC-exposed cells can persist and
replicate, and express aberrations once stimulated with mitogen for somatic cell division. The preliminary non-clastogenic effects of several agents such as
formaldehyde, acrylonitrile, epoxy resins, etc. have been suspected of leading to carcinogenic response in humans in the long run, and continue to stimulate
cancer epidemiology studies (Brewen et al. 1972).

Cytogenetic surveillance studies have discussed the life-span of radiation-induced damaged T-lymphocytes exposed in vivo in great detail. An initial rapid fall
of aberrant lymphocytes was reported in several radiation-exposed individuals, followed by a slow disappearance (Ramhalo et al. 1995; Preston et al. 1974;
Michie et al. 1992; McLean and Michie 1995). However, the phenomenon of loss of telomeric DNA from each cell division and replicative lifespan of damaged
T-lymphocytes needs further elucidation (Röth et al. 2003). Nevertheless, daughter cells of a cell carrying breaks receive stably damaged chromosomes, and
such propagation of chromosomes with stable damage would also lead to an underestimation of the death rate of T-lymphocytes. Such understanding of life-
time and half-life of chemical-exposed T-lymphocytes harboring unstable and stable aberrations is limited, and no attention was ever paid during 30 years on
the incidence of stable aberrations since MIC-disaster, though the accident in Bhopal was one of history’s worst disasters (Ganguly et al. 2017; Dhara et al.
2002; ICMR Technical Report 2008).

Exposure of chemical analysis is highly complex in humans, and it is practically impossible to address the interaction with lifestyle, environmental and
occupational exposure to multiples of hazardous agents. The �rst surveillance cytogenetic screening in Bhopal population was conducted during 2015–2017.
However, onset and persistence of the aberrations cannot be commented upon since the initial studies had described only breaks and chromatid exchanges in
solid-stained metaphases (Ganguly et al. 2017; Ghosh et al. 1990). In fact, information on persistence of aberration in accidentally exposed population is
limited in general with scanty information on chromosomal involvements at whole genome level (Lindholm et al. 1998; Pressl et al. 2000). Description of
stable aberrations is generally derived from solitary/cocktail FISH or mFISH. Nevertheless, such information on persistence or acquisition of stable aberrations
is meager in chemical-exposed population (Ashby and Richardson 1985). Therefore, the present report on type of structural and numerical alterations, and
also on participating chromosomes along with their breakpoints might inform about the future risk in cancer epidemiology studies in MIC-exposed survivors.
Although, clastogenic effect of smoking is con�icting (Crossen and Morgan 1980; Evans 1982; Ghosh et al. 1989), its carcinogenic consequences are
consistent with cancer epidemiology. The present result would also be guiding factor for establishment of exposure index of chemical incidents (Ganguly
2017b), and in long-term surveillance assay. In conclusion, the present study has presented a wide spectrum of chromosomal alterations, including numerical
and structural rearrangements detected from karyotypic assessment of 100 G-banded metaphases. Moreover, the classi�cation of stable and replicable
rearrangements and their presence in the present study population who were exposed to MIC 30 years ago, is noteworthy for epidemiological surveillance of
their health.
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Tables
Table 1

Baseline data of the participants
Exposure status M:F Age-range Lifestyle (%) Occupation (%)

Unexposed 15:20 32–74 49 42

Moderate 15:19 32–86 45 30

Severe 27:51 32–74 46 40

M:F, male:female

Table 2. Frequency of chromosomal rearrangements in MIC-exposed and unexposed population: a. frequencies of different types of aberrations, b.
comparison of types of aberrations in the three study groups    

a. Frequency of different types of aberrations
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Trisomy t/dic Del Inv/r CK MK Exchange

Severely exposed: Total subjects: 77; total cells studied: 7916

47,XX,+8 T(11;12)(q13;q24) delXq r(1) Hypodiploid with 29 2(-X) Qdr;2xder(10)

47,XX,+9 T(7;17)(q22;q21) 3xdel(16q) Inv(7) 1x53 ,XXXX,+5xmar 7(-X) 4xqdr;1xtridr

47,XXX T(4;5);dic(8p;12p) del12q;delXq R(15) 2xPCC 2(-5,7) 9xqdr

4x47,XXX  Dic(3p;11q) 2xdelXq   1xPCC;1x(del7q,-12,-18,-19,-20,-
Y,+5xmar)

3(-Y)  

+8;2x+18 T(6;12)(q15;p13) delXq Inv(Y) 1(der9q+others) 1(-20)  

47,XXX T(9;22) 2xdelXq   1x51chrm:+2x12,+14,+21,+22 1(-20)  

47,XX,+8 1xdic Del5q   1x(2xtric,2xdel5q,-7,2xdel17p,?
t(13;19),+21,+mars)

1(-X)  

47,XYY T(2;9)(q21;q22) del(9q)   1x76chrom. 1x-7  

+21 T(6;9)(q26;p13) Del12q   1xPCC 4(2x-Y,2x-
19)

 

+8 T(5;8)(p13;q22) Frag6q   1xPCC;1x hyper+dmin 1(-7)  

47,XY,+4;47,XY,+8 3:T(7;15),t(4;15),t(15;21) Frag2p;frag7q22;frag(16q)   1:2x+3,-6+mar 3(-7,20,21)  

47,XX,+8;47,XXX T(10;14)(q22;q32) Del13q   4 x>100 chr 3(2x5,7)  

48,XXXX;
2x47,XXX

Der(11) Del5q    1x(49,+2,+13,+X) 2(-X,13)  

47,XY,+8 2:T(9;11)
(q34;q13);t(6q;18q)

del15q   1x56chr;2x90chr;inv(16) 1x-X  

  T(2;16)(q21;p13) Del8q22; delXq22   2xmultiple bks 1x(-1)  

    del1pter   1xPCC 1(-20)  

    frag6q   2xmbks 1(-7)  

    Del1p     1(-Y)  

    Frag4q;del1p22     2(-10,X)  

    frag20q;frag17p     3(-2x20;X)  

    del20q        

    del(9q)        

23 (0.29%) 19 (0.24%) 32 (0.40%) 4
(0.05%)

27 (0.34%) 41 (0.52%) 14 (0.18%)

Moderately exposed: Total subjects=34; total cells studied=4511

48,XXXX t(9;22) delXq Inv(Y) 1x64 chr+21 1(-X)  

3x47,XXX Der(19)add19q Del20q   1x56chr 1(-X)  

47,XXX Dic(1;13) Del2p13;del8q21  R(X) 1x52chr 6(-X)  

47,XXX   Del3q23   1x(3chtd+dmin) 1(-X)  

47,XX,+8   Del4p;Del20q   2x(55+rrt;PCC) 1(-Y)  

47,XXX Ubt(2q;19p) Del8q   1 tetra mbks 1(-X)  

  5xDer(22) Del3q   1x(47,delXq;+12;chmbk17p); -7 3(-2xX,1x19)  

   Der4q Del9q   1xmultiple bks 1x(-C)  

        1x 85 chr 1(-5)  

        1x88chr;1x76chr 2(-C)  

        1x >130chrom 1(-13)  

          2(-5,7)  

8 (0.18%) 10 (0.22%) 10 (0.22%) 2
(0.04%)

12 (0.27%) 21 (0.47%) 0
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Unexposed: Total subjects=19; total cells studied=1986

47,XXX t(2;14)(q21;q22) del9q Der(4)?
inv(4)

1x(tetrac,tric,dic,bks) 2(-6;X)  

 47,XY,+8  T(7;14)(q34;q12)     1xhyper+mbks 1(-Y)  

48,XXXX,t(6;11)
(q15;q23)

        1(-5)  

3 (0.15%) 2 (0.10%) 1 (0.05%) 1
(0.05%)

2 (0.10%) 4 (0.20%) 0

Each cell in a row represents types of similar abnormalities observed in a single individual; however, each row may represent a single or different
individual. The cells of the rows/columns do not represent the total aberrations observed in a single lymphocyte.

T, translocation; dic, dicentric; tric, tricentric; tetrac, tetracentric; inv, inversion; r, ring; CK, complex and MK, monosomal karyotype; mar, markers; min/dmin,
minutes; del, deletion; PCC, premature chromosome condensation; der, derivative; chtd, chromatid and chm, chromosome breaks (bks); mbks, multiple breaks;
ubt, unbalanced translocation; tridr, tri- and qdr, quadric-radial chromatid exchanges; rrt, rearrangements; frag, fragile sites; hyper, hyperdiploidy; tetra,
tetraploidy; -, monosomy; +, trisomy; add, addition.

b. Distribution of types of aberrations in the three study groups

  Trisomy (%) t/dic (%) Del (%) Inv/r (%) CK (%) MK (%) Exchange (%) Marker/

Minutes (%)

Total (%)

Severely exposed 23 (0.29) 19 (0.24) 32 (0.40%) 4 (0.05) 27 (0.34) 41 (0.52) 14 (0.18%) 7 (0.09) 167 (2.11)

Moderately exposed 8 (0.18) 10 (0.22) 10 (0.22) 2 (0.04) 12 (0.27) 21 (0.47) 0 4 (0.09) 67 (1.49)

Unexposed 3 (0.10) 2 (0.10) 1 (0.05) 1 (0.05) 2 (0.10) 4 (0.20) 0 1 (0.05) 14 (0.70)

T, translocation; dic, dicentric; del, deletion; inv, inversion; r, ring; CK, complex karyotype; MK, monosomal karyotype.

Table 3
Number of individuals detected with clonal (≥ 2 cells) abnormalities

  -7 + 8 -7/+8 Del5q,-7,CK Der(10q) T(4;15)/(7;15)

/(15;21)

Del16q22 Del/-20 -X +X -Y

Male   1   1       1     2

Female 1   1   1 1 1 2 4 2  

∑ X2 14.7

df 10

Signi�cance The result with chi-square p-value 0.144328 is not signi�cant at p < 0.05

T, translocation; del, deletion; CK, complex karyotype; -, monosomy; +, trisomy; der, derivative
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Table 4
Chromosomal involvement in structural and numerical rearrangements

Aberrations Chromosomes involved

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y T

Bks 4 3 5 12 3 1 1 6 6 4 4 1   1 1 3 3 1 1 1     3 1 65

Del 3 1 2   1   1 3 3 1   1 1   1 4 1     2 1 1 5   32

Der 1     1     1     3   2           1       3     12

t/dic 2 5 1 3 2 3 3 2 4 2 4 2 1 3 5 1 1 1 1   1 1     48

Inv/r             1   1           1               1 2 6

Mon   1   1 8 1 6   1 1 1   1 3 1     1 1 4 2   32 3 68

Tri               7 1     2           2     2   14 1 29

Frag   1       2 1     1           4 1           1   11

Total 10 11 8 17 14 7 14 18 16 12 9 8 3 7 9 12 6 6 3 7 6 5 56 7  

∑ X2 353

df 161

Signi�cance The result with chi-square p-value 0.00001 is signi�cant at p < 0.05.

Bks, breaks; del, deletion; der, derivative; t, translocation; dic, dicentric; inv, inversion; r, ring; mon, monosomy; tri, trisomy; frag, fragile sites; total, total
aberration.

Table 5. Chromosome aberrations within and between exposed cohorts

a. One-sample test

Exposure status t df Signi�cance (2-tailed) Mean Difference 95% Con�dence Interval of the Difference

          Lower Upper

Severe 4.7290945 7 0.0021348 0.26375 0.1318707 0.395629

Moderate 3.5380334 7 0.0094949 0.18625 0.0617709 0.310729

Unexposed 3.861741 7 0.0061975 0.0875 0.0339219 0.141078

b. Paired samples test

Groups of comparison

 

 

 

Paired Differences    t df Signi�cance (2-tailed)

Mean Std. Deviation Std. Error Mean 95% Con�dence Interval of the Difference  

   Lower Upper    

Severe - Unexposed 0.17625 0.1237437 0.04375 0.0727977 0.279702 4.0285714 7 0.0050049

Severe - Moderate 0.0775 0.0724569 0.025617 0.0169245 0.138075 3.0252902 7 0.0192421

Moderate - Unexposed 0.09875 0.0997765 0.035276 0.0153347 0.182165 2.7993273 7 0.0265499

Figures
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Figure 1

Structural rearrangements and chromosomal involvements: a. dicentrics: i. dic(8;12), ii. dic(3;11), iii. dic(4;10); b. inversions: i. inv(7), ii. inv(Y); c. centric rings: i.
r(15), ii. r(X), iii. r(??); d. translocations: i. balanced: 1. t(2q;14q), 2. t(2q;16p), 3. t(2q;9q), 4. t(4q;15q), 5. t(4q;5q), 6. t(5p;8q), 7. t(9q;22q), 8. t(15q;21q); d. ii.
unbalanced: 1. t(19:?), 2. t(4;?), 3. t(18q;?), 4. t(22q;?); e. asymmetric quadriradial chromatid exchanges
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Figure 2

Terminal and interstitial deletions in autosomes and sex chromosomes: a. deletions; b. genesis of deletion 
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Figure 3

Cells with complex chromosomal rearrangements detected in MIC-exposed individuals
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Figure 4

Frequency of aberrations in autosomes and sex chromosomes  
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Figure 5

Chromatid and chromosome breaks detected in different lymphocytic chromosomes 

Figure 6

Hyperdiploid cells acquired multiple breaks indicating risk of complex rearrangements
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Figure 7

Hyperdiploid and hypodiploid cells: a. hyperdiploid cells observed with different chromosome numbers; b. i. separation of endoreduplication, ii. tetraploidies - ?
from endoreduplication; c. division of micronucleated cells and origin of hypodiploid cells 


