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ABSTRACT  
The public water supply of the Rio de Janeiro metropolitan region is highly dependent on 

transposition from the Paraíba do Sul River: 70% of the water is diverted to the Piraí River and 

then passes through a series of other rivers and reservoirs, finally discharging in the Guandu 

River. During this path, the water is exposed to many sources of pollution. This makes the 

quality of the raw water that reaches the Guandu Treatment Station (WTS) highly vulnerable. 

This article reports the analysis of the cytogenotoxic potential of water samples collected at 

four different points along the Piraí River downstream from the transposition point, utilizing 

the Allium cepa test system. The samples were collected in two periods, the dry and wet seasons. 

The water at all four collection points presented some level of cytogenotoxicity, with the 

presence in the test cells of large nucleoli, multiple nucleoli, nuclear buds, lagging 

chromosomes, sticky chromosomes, karyorrhexis, cytoplasmic shrinkage and changes of the 

mitotic index. The samples collected during the dry season had a larger number of cells with 

alterations, indicating that the cytogenotoxic potential varies in function of the time of year, 

depending on the volume of contaminated effluents. The results obtained along with data from 

the Rio de Janeiro State Environmental Institute (INEA) for the same period reveal the 

importance of monitoring along with proper sanitation and sewage treatment, and that the 

presence of pollutants not only hampers water treatment, but also poses risks to organisms at 

different trophic levels, including humans. 

Keywords: bioindicator, cytogenotoxicity, water quality. 

Avaliação do potencial citotóxico e genotóxico de águas da Bacia do rio 

Paraíba do Sul-RJ através do sistema teste Allium cepa 

RESUMO 
O abastecimento público da região metropolitana do Rio de Janeiro é bastante dependente 

da transposição do rio Paraíba do Sul: 70% de suas águas são desviadas para o rio Piraí e através 

de uma série de reservatórios, descarregadas no rio Guandu. Neste trajeto ocorre a exposição a 

diversas fontes de poluição, o que coloca a qualidade da “água bruta” da Estação de Tratamento 

de Águas do Guandu (ETA) sob grande vulnerabilidade. O intuito do trabalho foi analisar o 
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potencial citogenotóxico de águas coletadas em quatro diferentes pontos do rio Piraí, a jusante 

da transposição, utilizando o sistema teste de Allium cepa. As coletas foram realizadas em duas 

épocas distintas, uma no período de estiagem e outra no período chuvoso. Todos os pontos 

estudados apresentaram algum nível de citogenotoxicidade, com a presença de nucléolos 

grandes, nucléolos múltiplos, brotos nucleares, cromossomos em atraso, aderência 

cromossômica, células com cariorréxe, retrações citoplasmáticas e alterações no índice 

mitótico. As amostras coletadas durante a estação seca apresentaram um número maior de 

alterações indicando que o potencial citogenotóxico varia em função do tempo, dependendo do 

aumento da emissão de efluentes contaminados. Os resultados obtidos aliados aos dados do 

Instituto Estadual do Ambiente (INEA) no mesmo período, ressaltam a importância de serviços 

de monitoramento, saneamento, tratamento de esgoto e que a presença de poluentes não só 

inviabiliza a tratabilidade da água, mas traz riscos reais aos organismos de diferentes níveis 

tróficos, incluindo o homem. 

Palavras-chave: bioindicador, citogenotoxicidade, qualidade da água. 

1. INTRODUCTION 

The Paraíba do Sul River originates in the state of São Paulo with the confluence of the 

Paraibuna and Paraitinga Rivers, passes through the entire Paraíba Valley and traverses the state 

of Rio de Janeiro before emptying into the Atlantic Ocean in the municipality of São João da 

Barra, flowing for more than 1,100 Km (Marengo and Alves, 2005).  

Although most of the water consumed in the Rio de Janeiro metropolitan region comes 

from the Guandu River, much of that volume originates from the Paraíba do Sul River, through 

transposition, first into the Santa Cecília Reservoir in the municipality of Barra do Piraí (RJ), 

where there is a pumping station that diverts the water to the Piraí River. In this region alone, 

the Paraíba do Sul River contributes to the supply of some 9 million people (CBH Guandu, 

2015; Demanboro, 2015). 

The river is currently in a critical ecological state, due to the discharge of untreated 

domestic and industrial effluents along with agricultural waste (Oliveira et al., 2011). Since the 

state of Rio de Janeiro is the downstream user of the water from the Paraíba do Sul River, it is 

completely vulnerable to pollution and interferences caused by upstream users, in addition to 

the effects of human activities that occur in the state itself (INEA, 2010).  

The presence of pollutants can prevent the development of many organisms, compromising 

the food chain, besides affecting the health of the population, since industrial, domestic and 

agricultural wastes contain compounds that variously have mutagenic, cytotoxic and/or 

genotoxic potential that are often not eliminated during the treatment process (Nielsen and 

Rank, 1994; Oliveira et al., 2011; Kasper et al., 2018).  

Therefore, the objective of this study was to analyze the water from the Paraíba do Sul 

River regarding the presence of pollutants with cytogenotoxic potential, using the Allium cepa 

test system as a bioindicator. 

2. MATERIALS AND METHODS 

2.1. Collection sites 

Water samples were collected at four points of the Piraí River, downstream from the 

transposition of the Paraíba do Sul River, which occurs in the municipality of Barra do Piraí. 

The points were chosen randomly, with distance of approximately 2 Km apart, at the following 

coordinates: Point A (22°35'05.7” S 43°50'12.4” W); Point B (22°33'49.8" S 43°49'24.5" W); 

Point C (22°33'06.3" S  43°49'05.0" W); and Point D (22°32'14.9" S 43°48'59.6" W)           
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(Figure 1). The collections were performed in the dry season (July 2017) and rainy season 

(March 2018). 

 
Figure 1. Collection sites. A – Main elements of the system for transposition of the Paraíba 

do Sul River to the Piraí, Ribeirão das Lajes and Guandu Rivers. Source: Adapted from 

CBH Guandu (2015). B – Geographic location of the collection points in Piraí River after 

transposition of Paraíba do Sul River at the Santa Cecília Reservoir in the state of Rio de 

Janeiro. 

2.2. Samples collection 

Samples from each site were collected in a 10 L bucket and transferred to polyethylene 

flasks (1 L) that were properly identified and kept in coolers with ice for transport to the 

laboratory, where they were kept at -20ºC for further genotoxicity and cytotoxicity analysis. 

2.3. Cytotoxicity and genotoxicity 

Commercially acquired organic cultured onion bulbs approximately 2.0 cm in diameter 

were used in the test. A stylet was used to remove the external cataphyll from each bulb without 

damaging the root buds. Five bulbs were used for water samples from each point, as well as 

positive and negative controls. Initially, the bulbs were placed in a container with distilled water 

for 48 hours, with daily water exchanges. The bulbs were then transferred to tubes containing 

water samples collected at the sites previously mentioned, where they remained for 48 hours. 

The bulbs used as negative controls were kept in distilled water and the positive ones were 

placed in an ethyl methane sulfonate (EMS, 25 mM) solution. The test and the control bulbs 

were incubated at 25ºC with daily water exchanges. For each treatment, root tips, between 2 

and 2.5 cm in length, were removed from the bulbs after 48 hours of exposure to the respective 

solutions and used to prepare slides according to the method described by de Castro and Sousa 

et al. (2017), with some modifications. Five root tips were removed from each bulb and fixed 

in an ethanol: glacial acetic acid solution at 3:1 (V/V) and stored at 4ºC until the moment of 

preparing the slides. Five slides were prepared for each bulb, using five different root tips (one 

slide for each). The root tips were washed with distilled water twice for 5 minutes, hydrolyzed 

in HCl 5N for 30 min, washed again twice in distilled water for 5 minutes and then placed on 

the slides with tweezers. The subapical meristems were fragmented with a scalpel, stained with 

2% acetic orcein, and covered with a coverslip. 

All slides were coded and evaluated under an Olympus BX binocular optical microscope 

with 100X magnification. The parameters used to determine the genotoxic and cytotoxic 

potential of the samples were the presence of chromosome and cell alterations as well as 

changes in the mitotic index. A total of 1,000 cells were analyzed per bulb, or 5,000 cells for 
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each group. With the exception of the mitotic index, expressed as a percent, the results are 

expressed in absolute terms. The most frequent anomalies are shown in the micrographs. 

2.4. Statistical design 

The data were analyzed by the Chi-square (2) test with probability 0.05, using Yates 

correction, employing the Bioestat. 5.0 program. 

3. RESULTS AND DISCUSSION 

The public water supply of the Rio de Janeiro metropolitan region relies heavily on 

transposition of water from the Paraíba do Sul River, which occurs at the Santa Cecília 

Reservoir in Barra do Piraí. Through this transposition, 70% of the water from the Paraíba do 

Sul River is diverted to the Piraí River, and then through a series of other reservoirs until finally 

being discharged into the Guandu River. The resulting total volume from these rivers enables 

supplying more than 80% of the water in the Rio de Janeiro metropolitan region, serving some 

9 million people (CBH Guandu, 2015; Demanboro, 2015). During its flow through the basins 

of the Paraíba do Sul, Piraí and Ribeirão das Lajes/Guandu Rivers, the raw water that supplies 

the Guandu Water Treatment Station (WTS) is exposed to many sources of pollution, including 

untreated domestic and industrial (including mining) wastes, agricultural runoff, leaching from 

landfills and trash dumps, and runoff from highways and railways, besides potential 

environmental accidents. This makes the raw water quality of the Guandu WTS highly 

vulnerable (CBH Guandu, 2015). 

The water samples analyzed in this study were collected at four points along a stretch of 

the Piraí River located in Barra do Piraí, downstream from the transposition point of the Paraíba 

do Sul River. The samples from all these points presented some level of cytogenotoxicity, with 

observation of the presence of cells with large nucleoli, multiple nucleoli, nuclear buds, lagging 

chromosomes, sticky chromosomes, karyorrhexis and cytoplasmic shrinkage (Figure 2; Tables 

1 and 2). 

 
Figure 2. Allium cepa meristematic cells exposed to ethyl methane sulfonate 

(EMS) and water samples collected at different sites. (a-i); (a) normal cells; 

(b) large nucleoli; (c) nuclear bud (arrow); (d) karyorrhexis (arrow); (e) 

lagging chromosomes (arrows); (f) sticky chromosomes (arrows); (g) large 

nucleoli and nuclear bud (arrow); (h) cytoplasmic shrinkage (arrow); (I) 

multiple nucleoli. 
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Table 1. Cells changes and mitotic index in A. cepa roots submitted to different treatments during 

the dry season. 

Treat. Conc. LN NB LNB KLN         K SC LC CK MI (%) 

NC dH2O 836(f) 33(d) 9(e) 23(b,d) 8(d) 2(c) 1(e) 0(c) 4.56(b) 

EMS 25 mM 3370(a) 129(a) 227(a) 0(e) 27(a,b) 55(a) 15(a) 9(b) 2.78(c) 

PA  1849(b) 106(a,b) 22(c,d) 15(b,c) 18(b,c) 10(b) 2(c,d,e) 0(c) 5.75(a) 

PB  1638(d) 76(c) 13(d,e) 9(c) 33(a) 10(b) 6(b,e) 4(b,c) 4.64(b) 

PC  1733(c) 124(a) 34(c) 32(a,d) 37(a) 4(b,c) 3(b,e) 0(c) 6.2(a) 

PD  1495(e) 90(b,c) 66(b) 39(a) 27(a,c) 3(b,c) 10(a,b) 34(a) 4.42(b) 

(a), (b), (c), (d) (e) and (f) different letters in the same column differ from each other (P<0.05) 

according to the 2 test; Treat – treatment; NC – negative control; EMS – positive control; PA – 

point A; PB – point B; PC – point C; PD – point D; dH2O – distilled water; LN – one or more large 

nucleoli; NB – nuclear bud; LNB - large nucleoli and nuclear bud; KLN - karyorrhexis and large 

nucleoli; K - karyorrhexis; SC - sticky chromosomes; LC - lagging chromosome; CK – cytoplasmic 

shrinkage; MI – mitotic index. 5000 cells for each treatment were analyzed. 

Table 2. Cells changes and mitotic index in A. cepa roots submitted to 

different treatments during the rainy season. 

Treat. Conc. LN LNB KLN K MN MI (%) 

NC dH2O  2136(b) 58(b) 63(b) 83(b) 82(b) 2.94(d) 

EMS  25 mM 3649(a) 66(a,b) 4(c) 6(c) 124(a) 1.98(e) 

PA  2775(c) 82(a) 25(d) 140(a) 79(b) 6.9(a) 

PB  2425(d) 50(a,b) 155(a) 89(b) 30(c) 6.14(a,b) 

PC  2641(e) 58(a,b) 54(b) 23(d) 112(a) 5.22(c) 

PD  2142(b) 24(c) 56(b) 83(b) 11(e) 5.86(b,c) 

(a), (b), (c), (d) and (e) different letters in the same column differ from each 

other (P<0.05) according to the 2 test; Treat – treatment; NC – negative 

control; EMS – positive control; PA – point A; PB – point B; PC – point C; 

PD – point D; dH2O – distilled water; LN – one or more large nucleoli; LNB 

- large nucleoli and nuclear bud; KLN - karyorrhexis and large nucleoli; K 

- karyorrhexis;  MN – multiple nucleoli; MI – mitotic index. 5000 cells for 

each treatment were analyzed. 

The genotoxic activity was detected by observation of chromosome changes that resulted 

in anomalies such as formation of buds, lagging chromosomes, sticky chromosomes, large 

nucleoli and multiple nucleoli (Fiskejö, 1985; Ventura-Camargo et al., 2011).  

The presence of large nucleoli (Figure 2B and 2G) is one of the main characteristics of the 

positive control used in this study. According to Kalinina et al. (2018), plant and animal cells, 

when subjected to stressful conditions, can develop functional and morphological alterations in 

the nucleoli. Butorina and Kalaev (2000) reported that the nucleolar activity is the most 

sensitive parameter to analyze in studies of cytogenotoxicity, with the characteristics most often 

observed being increased number and size of nucleoli per nucleus. 

Analysis of alterations of the size and shape of nucleoli of animal cells is used as an 

auxiliary tool to distinguish between benign and malignant cells, where the presence of 

hypertrophied nucleoli with irregular shapes is considered to indicate malignancy (Mäkinen et 

al., 1993; Krüger et al., 2000; Montanaro et al., 2008). In plant cells, similar studies have found 

a relation between the variation in size and shape of nucleoli and the action of genotoxic agents 

(Arkhipchuk et al., 2000; Ventura-Camargo et al., 2011). 

In this study, the water samples collected at all points except point D in the rainy season 

caused a significant increase in the number of cells with large nucleoli in relation to the negative 

control, indicating the presence of agents with genotoxic potential. 

The water samples collected at all points during the rainy season also induced variations 
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in the number of nucleoli per nucleus (Figure 2I). The interphase nuclei of Allium cepa cells 

normally each contain two nucleoli, which in some cases can fuse to form a single nucleolus 

(Lima et al., 2019). The water sample collected at point C induced an increase in the number 

of nucleoli per nucleus compared to the negative control, while the water samples collected at 

the other points induced a decrease in the number of nucleoli per nucleus compared to the 

negative control.  

The appearance of multiple nucleoli has been related to the presence of components with 

genotoxic potential (Imazawa et al., 1995; Lima et al., 2019). Popp and Wachtler (1983) 

suggested that metabolically inactive cells tend to have fragmented nucleoli, while 

metabolically active cells tend to have fused nucleoli. Of particular note is that the water 

samples that led to a reduction in the number of nucleoli compared to the negative control also 

presented the highest cell division indices (Table 2).  

Other genotoxic effects detected in the cells resulting from the samples were the presence 

of nuclear buds, sticky chromosomes and lagging chromosomes. The samples from all the 

points during the dry season and from point A in the rainy season caused a significant increase 

in the number of nuclear buds (Figure 2C and 2G) compared to the negative control. Nuclear 

budding is a biomarker of genotoxic events and genome instability. According to Fenech 

(2006), the buds provide an estimate of the genetic amplification. This theory posits that 

amplified DNA is selectively concentrated at a peripheral point of the nucleus for expulsion 

through formation of a bud, which is subsequently detached from the nucleus, leading to the 

formation of a micronucleus (Fenech, 2006). Lindberg et al. (2007) expanded the theory to 

include, besides amplified DNA, interstitial fragments, chromosome rearrangement products 

and anaphase lagging chromosomes as participants in the formation of buds.   

Lagging chromosomes (Figure 2G) were observed in the cells submitted to the water from 

point D during the dry season. The occurrence of this type of alteration suggests the presence 

of pollutants with aneugenic effects, which act negatively on mitotic fusion, preventing one or 

more chromosomes from associating with the fibers of the mitotic spindle during anaphase. 

Those interferences might have been caused by alterations of the microtubules, deformations 

in the spindle structure or failure of the chromosomes to move toward the poles (Liman et al., 

2019).  

Another alteration detected during the dry season was the presence of sticky chromosomes 

(Figure 2 F-G), observed in the cells treated with water from points A and B. Many molecular 

mechanisms can lead to the phenotype with sticky chromosomes (Liu et al., 2018). Mechanisms 

that lead to inactivation of the mitotic spindle inhibit the migration of chromosomes to the cell 

poles, so they tend to condense and adhere to each other, generating sticky chromosomes 

(Ventura-Camargo et al., 2011). According to Yadav et al. (2019), this adherence can occur 

due to an increase of the chromosome contraction and condensation or due to depolymerization 

of DNA and partial dissolution of nucleoproteins, while the results reported by Pizzaia et al. 

(2019) indicate that the presence of adherence is associated with multiple DNA fragmentation 

and alterations of microtubules. Irrespective of the mechanism, this change is a sign of the 

genotoxic effect of an agent, which can induce irreversible cell damage, including death 

(Ventura-Camargo et al., 2011). 

Besides the genotoxic effects, we also detected cytotoxicity in the analysis of the samples 

collected in both seasons. We observed cells with characteristics similar to karyorrhexis             

(Figure 2D) in the dry and wet seasons, and cells with cytoplasmic shrinkage (Figure 2H) in the 

dry season. Alterations like karyorrhexis and cytoplasmic shrinkage are indicators of cells in 

the death process (Bhagyanathan and Thoppil, 2016; Vijayarathna et al., 2017; Adeyemi and 

Awoniran, 2019).  

Karyorrhexis is a nuclear alteration found in animal cells, characterized by an irregular 

distribution of chromatin. It can be found in cells that are in the death process by necrosis or 
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apoptosis (Tolbert et al., 1992; Thomas et al., 2009). We observed the presence of cells with 

nuclear changes similar to karyorrhexis, as also reported in another study by our group with 

meristematic cells of A. cepa (Lima et al., 2016). 

The presence of cytoplasmic shrinkage has been reported by other authors investigating 

meristematic cells of A. cepa roots submitted to treatment with plant extracts. (Bhagyanatham 

and Thoppil, 2016; Prajitha and Thoppil, 2017). In these works, the authors reported the 

presence of shrinkage as one of the cytoplasmic changes associated with apoptosis. 

We also assessed the cytotoxic potential of the water samples by measuring the mitotic 

index. The samples from all collection points in the rainy season and from points A and C in 

the dry season induced a significant increase in the mitotic index in comparison with the 

negative control. An increase of the mitotic index indicates the occurrence of increased cell 

division, causing uncontrolled proliferation, induced by components present in the samples 

analyzed. This effect is harmful to cells, since uncontrolled proliferation is the starting point for 

the later formation of tumors (Hoshina, 2002; Caritá and Marin-Morales, 2008). 

The roots submitted to the water samples collected in the dry season presented a higher 

number of cytotoxic and genotoxic alterations, indicating that the cytogenotoxic potential of 

the pollutants in the water varies in function of the season of the year, due to an increase in 

contaminated effluents. Similar results were obtained by other authors (Caritá and Marin-

Morales, 2008; Oliveira et al., 2011; Gomes et al., 2015).  

Therefore, the analyses reported here indicate the presence of pollutants with cytotoxic and 

genotoxic potential in the water samples collected. These results corroborate the water quality 

data published by the Rio de Janeiro State Environmental Institute (INEA) in 2017 and 2018. 

The monitoring carried out by the INEA involves variables considered most representative in 

relation to water quality, namely dissolved oxygen (DO), biochemical oxygen demand (BOD), 

total phosphorus (TP), nitrogen and nitrate (NO3), potential of hydrogen (pH), turbidity (T), 

total dissolved solids (TDS), water and air temperature and thermotolerant coliforms. These 

data are consolidated in a single value, by calculating a water quality index (in Portuguese, 

IQANSF – Water Quality Index by National Sanitation Foundation). The consolidated water 

quality bulletins for 2017 and 2018 demonstrated that the water quality at the collection points 

located in the municipality of Barra do Piraí (Piraí River and Paraíba do Sul River) varied 

between the poor and medium ranges. Poor IQANSF values indicate the water is improper for 

conventional treatment for human consumption, making it necessary to apply more advanced 

treatment methods (INEA, 2017; 2018). 

In this respect, only 60% of sewage is collected in Barra do Piraí, but even it is not treated. 

According to the Mid-Paraíba do Sul Basin Committee (CBH-Médio Paraíba do Sul, 2017), 

this means approximately 1,229 million m3/year of raw sewage is discharged into the river. 

4.  CONCLUSIONS 

The results obtained in this study demonstrate the presence of pollutants with cytotoxic 

and genotoxic effects in the water collected at all sampling points. Hence, there is an urgent 

need for further monitoring of sanitation services, in particular treatment of the water for public 

supply, since the presence of pollutants, many of which are not amenable to treatment with 

conventional methods, poses a high risk to organisms at different trophic levels, including 

humans. 
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