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Abstract

Sea turtles are a charismatic and ancient ocean species and can serve as key indicators for ocean

ecosystems, including coral reefs and sea grass beds as well as coastal beaches. Genotoxicity

studies in the species are absent, limiting our understanding of the impact of environmental

toxicants on sea turtles. Hexavalent chromium (Cr(VI)) is a ubiquitous environmental problem

worldwide, and recent studies show it is a global marine pollutant of concern. Thus, we evaluated

the cytotoxicity and genotoxicity of soluble and particulate Cr(VI) in hawksbill sea turtle cells.

Particulate Cr(VI) was both cytotoxic and genotoxic to sea turtle cells. Concentrations of 0.1, 0.5,

1, and 5 μg/cm2 lead chromate induced 108, 79, 54, and 7 percent relative survival, respectively.

Additionally, concentrations of 0, 0.1, 0.5, 1, and 5 μg/cm2 lead chromate induced damage in 4,

10, 15, 26, and 36 percent of cells and caused 4, 11, 17, 30, and 56 chromosome aberrations in 100

metaphases, respectively. For soluble Cr, concentrations of 0.25, 0.5, 1, 2.5, and 5 μM sodium

chromate induced 84, 69, 46, 25, and 3 percent relative survival, respectively. Sodium chromate

induced 3, 9, 9, 14, 21, and 29 percent of metaphases with damage, and caused 3, 10, 10, 16, 26,

and 39 damaged chromosomes in 100 metaphases at concentrations of 0, 0.25, 0.5, 1, 2.5, and 5

μM sodium chromate, respectively. These data suggest that Cr(VI) may be a concern for hawksbill

sea turtles and sea turtles in general.
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1. INTRODUCTION

Sea turtles are a charismatic species that inhabit both coastal and pelagic ecosystems. They

have long lives, up to 80 years, and have the potential to bioaccumulate pollutants from

food, sediment, and water, as well as air. The hawksbill sea turtle (Eretmochelys imbricata)

is considered critically endangered and at risk of extinction (IUCN, 2013). Hunting and loss

of egglaying habitat have been key factors in their decline (Meylan and Donnelley 1999).

Efforts have been undertaken to reduce these factors by banning the trade of materials from

hawksbills and protecting some egg laying sites. However, illegal trade and continued

coastal development continues to impair their recovery.

Superimposed on these two factors is the concern that ocean pollution may put the

struggling hawksbill population at further risk. It is increasingly clear that ocean pollution

has reached even the remotest regions and, if they are sufficiently exposed, pollution could

impair the ability of the hawksbill and other similarly endangered sea turtles and sea life to

survive, reproduce and thrive. For example, we recently identified chromium (Cr) as a

global marine pollutant using sperm whales (Physeter macrocephalus) as an indicator

species. Human and rodent studies indicate that Cr can damage DNA and induce

reproductive and developmental toxicity (Al-Hamood et al., 1998; Bataineh et al., 1997;

Chowdhury et al., 1995; Mancuso, 1997; Witmer et al., 1989, 1991). Such outcomes could

lead to disease in an individual and a reduction in reproductive success for a population,

both of which could seriously impair a critically endangered species like the hawksbill.

Metal pollutants have been found in tissue from several sea turtle species (Storelli et al.,

1998, 2008; Anan et al., 2002; Franzelliti et al., 2004; Maffucci et al., 2005; Gardner et al.,

2006; Frias-Expericuet et al., 2006; Andreani et al., 2008; Garcia-Fernandez et al., 2009;

Jerez et al., 2010). Only two of these studies measured Cr. One study reported low Cr levels

(0.039 μg/ml) in the plasma of captive hawksbills (Suzuki et al., 2012). The other reported

average Cr levels from 12 stranded loggerhead turtles in the Mediterranean of 1.05, 1.57,

and 1.43 mg/kg dry weight in liver, kidney and muscle, respectively, with the highest levels

found in lung tissue (2.29 mg/kg) (Storelli et al., 1998).

Only two studies considered the impact of metal exposure in sea turtle model systems. Both

were focused on green turtles. One study correlated increased carapace metal levels with

adverse health markers in green turtles from San Diego Bay (Kormoroske et al., 2011). The

other study considered the cytotoxic effects of four metals, including Cr, in green sea turtle

cell lines and found that cadmium and Cr were the most cytotoxic (Tan et al., 2010). It

appears none have considered impacts in hawksbill turtles.

Presumably, one reason for this lack of effects data is the intent to avoid losing any

individual turtles to scientific studies and thereby preserve as many as possible. While such

reasoning makes sense, it remains possible to conduct controlled toxicology studies and gain
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valuable species-specific insights into the potential toxicological response and impact by

using cells cultured from sea turtle tissues in a manner that does not harm the animal or is

collected from a recently deceased animal. Accordingly, to begin developing a better

understanding of ocean pollution impacts on the hawksbill in particular and sea turtles in

general, we investigated the cytotoxicity and genotoxicity of Cr in skin cells developed from

a hawksbill sea turtle. Because the marine environment favors the hexavalent form of Cr

(Geisler and Schmidt, 1992; Pettine and Millero, 1990), and because in humans the

particulate Cr(VI) forms are more potent than soluble ones (IARC, 1990; Holmes et al.,

2008; Wise, S et al., 2008), we focused our study on particulate and soluble Cr(VI)

compounds.

2. METHODS

2.1 Chemicals and Reagents

RPMI was purchased from Mediatech (Manassas, VA). Penicillin/streptomycin, Gurr’s

buffer, and trypsin/EDTA were purchased from Invitrogen Corporation (Grand Island, NY).

Crystal violet, acetic acid, and methanol were purchased from J.T. Baker (Phillipsburg, NJ)

and Fetal Bovine Serum (FBS) was purchased from Gibco Life Technologies (Grand Island,

NY). Tissue culture dishes, flasks, and plasticware were purchased from BD (Franklin

Lakes, NJ). Lead chromate, sodium chromate, potassium chloride (KCl) and demecolchicine

were purchased from Sigma/Aldrich. Giemsa stain was purchased from Biomedical

Specialties Inc. (Santa Monica, CA).

2.2. Cells and Cell Culture

Hawksbill sea turtle fibroblast cells were established from a skin biopsy of a healthy

juvenile hawksbill sea turtle (Fukuda et al., 2012). Cells were grown in RPMI with 10%

FBS and maintained in 5% CO2 at 26°C. Cell cultures were maintained and all experiments

performed as subconfluent monolayers. They were fed at least twice a week and subcultured

at least once a week. Cells were tested routinely for mycoplasma contamination. All

experiments were conducted on logarithmically growing cells.

2.3. Preparation of Chemicals

Sodium chromate (CAS #7775-11-3, ACS reagent minimum 98% purity), a soluble

hexavalent Cr compound was administered as a solution in water as previously described

(Wise J et al., 2002). Lead chromate (CAS# 7758-97-6, ACS reagent minimum 98% purity),

a particulate Cr(VI) compound was administered as a suspension in water as previously

described (Wise J et al., 2002). Lead chromate does not fully dissolve in tissue culture while

sodium chromate does (Holmes et al., 2005; Wise S. et al., 2005). Thus, direct comparisons

of the two chemicals using a common unit of measure is difficult. If dissolution had been

complete the concentrations for lead chromate (0.1, 0.5, 1, and 5 μg/cm2) would be 0.42,

2.1, 4.2 and 21 μg/ml, and the concentrations for sodium chromate (0.25, 0.5, 1, 2.5, and 5

μM) would be 0.04, 0.08, 0.16, 0.4, and 0.8 μg/ml.
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2.4. Cytotoxicity

Cytotoxicity was established using a clonogenic assay based on our published methods

(Wise J et al., 2008). Briefly, cells were seeded in each well of a 6-well tissue-culture dish

and treated for 24 h with either lead chromate or sodium chromate. After treatment, cells

were resuspended in fresh medium and reseeded at 1000 cells in four 100 mm dishes per

treatment group. Once colonies formed (about 14 days), dishes were fixed and stained with

crystal violet and colonies counted. Each experiment was repeated at least three times.

2.5. Clastogenicity

Clastogenicity was determined using a chromosomal aberration assay based on our

published methods (Wise J et al., 2008). Briefly, log phase cells were seeded into 100 mm

dishes and treated for 24 h with either lead chromate or sodium chromate. Demecolcine (0.1

g/ml) was added 1 h before the end of treatment to arrest the cells in metaphase. Cells were

then collected by trypsinization, spun down and resuspended in a 0.075M KCl hypotonic

solution for 20 min followed by fixation with 3:1 methanol:acetic acid. The fixative was

changed twice then cells were dropped onto clean wet slides and stained with 5% Giemsa

stain in Gurr’s buffer. One hundred metaphases per treatment were analyzed in each

experiment and chromosome aberrations were scored by standard criteria (Wise J et al.,

2008). All experiments were repeated three times.

2.6. Statistics

Dose-response curves were estimated using regression analysis. Ninety-five percent Wald

confidence intervals were calculated, as were Wald chi square tests of statistical

significance. Differences between pairs of dose levels were assessed using t-tests.

3. RESULTS

3.1. Cytotoxicity

Sodium chromate induced a concentration-dependent decrease in cell survival (Figure 1).

Specifically, 0.25, 0.5, 1, 2.5, and 5 μM sodium chromate induced 84, 69, 46, 25, and 3

percent relative survival, respectively, in hawksbill sea turtle cells after a 24 h treatment.

Lead chromate also induced a concentration-dependent decrease in cell survival (Figure 2).

Specifically, concentrations of 0.1, 0.5, 1, and 5 μg/cm2 induced 108, 79, 54, and 7 percent

relative survival, respectively, in hawksbill sea turtle cells after 24 h exposure. The

estimated LC50s for sodium chromate and lead chromate were 1.2 μM (95% confidence

interval: 0.9 to 1.5) and 1.1 μg/cm2 (95% confidence interval: 0.9 to 1.3), respectively.

3.2. Clastogenicity

Clastogenicity was used as a measure of genotoxicity and expressed as percent of damaged

metaphases and as the total damage observed in 100 metaphases. Sodium chromate induced

a concentration-dependent increase in clastogenicity (Figure 3, Table 1). Sodium chromate

induced 3, 9, 9, 14, 21, and 29 percent of metaphases with damage at concentrations of 0,

0.25, 0.5, 1, 2.5, and 5 μM sodium chromate, respectively. At the same concentrations we

found 3, 10, 10, 16, 26, and 39 damaged chromosomes in 100 metaphases, respectively.
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Lead chromate induced a concentration-dependent increase in clastogenicity (Figure 4,

Table 1). At concentrations of 0, 0.1, 0.5, 1, and 5 μg/cm2 lead chromate, we found 4, 10,

15, 26, and 36 percent of metaphases with damage, respectively, and 4, 11, 17, 30, and 56

damaged chromosomes in 100 metaphases, respectively.

The spectrum of chromosome aberrations for both compounds consisted of mostly

chromatid lesions (Table 1). There were more total aberrations than percent of metaphases

with damage at treatments of 2.5 and 5 μM sodium chromate and in 1 and 5 μg/cm2 lead

chromate, indicating that at these concentrations cells began to show multiple aberrations

per cell.

4. DISCUSSION

Our data are the first to report genotoxicity in any sea turtle species. Cr(VI) is a well-known

genotoxicant in humans and terrestrial animals with the respiratory and reproductive systems

as primary targets (Witmer et al., 1989, 1991; Mancuso, 1997). More recently it has also

been shown to be a concern for other marine species such as north Atlantic right whales,

sperm whales and stellar sea lions (Li Chen et al., 2009, 2012; Wise S et al., 2009; Wise J et

al., 2011). We found that Cr(VI) induced significant levels of chromosomal aberrations. The

induction of chromosome aberrations is a standard accepted short-term test for cancer, and

thus, this outcome indicates that Cr(VI) is a carcinogen in sea turtles, as it is in humans and

rodents.

Such an outcome also raises concern about the impact of Cr on hawksbill sea turtle

reproduction and development. If genotoxicity were to occur during key reproduction or

embryogenesis stages it could cause offspring loss or impact hatchling development (El-

Makawy et al., 2006; Keshava and Ong, 1999; Nayak et al., 1989). These outcomes would

reduce the ability of an affected individual to survive or reproduce, resulting in detrimental

effects to the population which is small in number and endangered.

Our study is also the first to consider the cytotoxic effects of a chemical in hawksbill sea

turtle cells and the first to consider particulate Cr(VI) in any sea turtle species. Our data are

consistent with the only other study that considered metal cytotoxicity (including Cr(VI)) in

sea turtles (Tan et al., 2010). Specifically, that study focused on fibroblasts from brain, eye,

heart, tumor, lung, liver, spleen, testes and bladder tissues from a green sea turtle suffering

from severe fibropapilloma as well as pooled embryo fibroblasts. They found Cr(VI) was

the most cytotoxic of the four metals considered including cadmium, Cr, zinc, and copper.

Cytotoxicity was the only endpoint they considered.

While our outcomes are consistent with their study i.e. Cr(VI) was cytotoxic, the potency of

Cr(VI) differed. More specifically, in their most sensitive cell line, green sea turtle brain

fibroblasts, they reported an LC50 of 22 μM for a soluble Cr(VI) compound. In their most

resistant cell line, green sea turtle liver fibroblasts, they reported an LC50 above 100 μM. In

contrast, we found an LC50 of 1.2 μM (95% CI: 0.9 to 1.5) for soluble Cr(VI), which is two

orders of magnitude lower. There are several possible explanations for this observed

difference in potency. First, the difference could reflect a species effect with green sea
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turtles more resistant to Cr(VI) than hawksbill sea turtles. Second, it may reflect a difference

in cell type as our study considered skin cells, which may be more sensitive to Cr(VI) than

the cells in their study. Third, it may reflect a difference in the type of cytotoxicity assay.

The green sea turtle study measured cytotoxicity using the MTT and Coomassie blue assays,

which are less sensitive than the colony-forming assay used our present study. Finally, it

may reflect the health of the animals from which the cells were isolated. Our cell line was

isolated from a healthy animal with a stable, normal chromosome count. By contrast, the cell

lines used by Tan et al., were isolated from a turtle with severe fibropapilloma and that had

abnormal chromosome counts in various tissues (Lu et al., 1999). It may be that the disease

or the abnormal chromosome complement made the animal more resistant to Cr(VI). We

note that results from our study are consistent with cytotoxicity levels for Cr(VI) in other

vertebrates cell lines (DeFlora 1990; Li Chen et al., 2009; Wise S et al., 2009; Wise, J et al.,

2011) and likely are a more accurate representation of the cytotoxic effects of Cr in healthy

sea turtles.

We do note that the particulate Cr(VI) compound we considered was lead chromate. We

chose this compound because it is commonly used as a representative particulate Cr(VI)

compound due to its known carcinogenicity and frequent use in products. But, it does raise a

question about the possible role of lead in the toxicity of the compound. Our previous

studies in human cells demonstrated that lead does not contribute to the cytotoxic and

genotoxic effects of lead chromate because it is poorly absorbed by cells (Wise, S. et al.,

2004; 2005). We did check sea turtle cells and found very low lead uptake after lead

chromate exposure (data not shown). Moreover, studies measuring lead (Pb) levels in sea

turtle tissues have reported overall low to non-detectable levels of Pb suggesting it may not

be a concern for sea turtles (Storelli et al 2005; Gardner et al 2006; Garcia-Fernandez et al

2009; Paez-Osuna et al 2010). Thus, we do not believe lead exposure was a factor in the

cytotoxicity or genotoxicity of lead chromate in the sea turtle cells used in this study.

Overall, these data are consistent with observations that Cr(VI) is cytotoxic and genotoxic to

primary human and marine mammal skin cells. However, compared to previous studies,

hawksbill cells were more sensitive to soluble Cr(VI) than sperm whale cells, but more

resistant than human cells (Li Chen et al., 2012; Wise, J et al., 2002, 2011). For example, in

hawksbill, 0.5, 1, and 5 μg/cm2 particulate Cr(VI) induced a total of 17, 30, and 56

aberrations in 100 metaphases, respectively. By contrast, in sperm whale cells, these

concentrations induced a total of 5, 11 and 16 aberrations in 100 metaphases, respectively.

But, in human cells 0.5 and 1 μg/cm2 induced a total of 32 and 43 aberrations in 100

metaphases, respectively. At 5 μg/cm2 no metaphases were observed. Similarly,

concentrations of 1, 2.5 and 5 μM sodium chromate induced a total of 16, 26 and 39

aberrations in 100 metaphases, respectively, in hawksbill sea turtle skin cells. In sperm

whale skin cells, these concentrations induced a 1.5-5-fold lower amount of aberrations and

in human skin cells they induced 1.8-2.4 fold more aberrations, depending on dose. The

explanation for these differences are uncertain, but may indicate that hawksbill cells absorb

more Cr than whale cells but less Cr than human cells, or that turtles may have a more

proficient DNA repair system than humans, but not as proficient as whales.
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We chose concentrations for Cr(VI) based on a standard toxicological approach for studies

in cultured cells. The concentrations were chosen based on their relative toxicity in the

system i.e. spanning from very low to moderate toxicity in the sea turtle cells to ensure we

were not considering supratoxic concentrations. As described above, we also took previous

reports in humans and other wildlife into consideration and our concentrations were chosen

to match those. With that approach, we have established the first report of genotoxicity in a

sea turtle model system. The next challenge is determining the relevance of this dose range

to the turtles’ environment.

It is difficult to ascertain the exposure of hawksbill sea turtles to Cr(VI) or even total Cr as

there are insufficient data to accurately determine it. Cr(VI) levels have not been determined

in the sea turtle environment. One approach is to consider dietary exposure based on total Cr

levels. Hawksbill turtles consume about 1.5 kg/day of prey and primarily feeding on marine

sponges as they age and (NMFS, 2014). Total Cr levels were measured in 6 species of

marine sponges in the Mediterranean Sea and found to range from 0.6 to 9.1 ug total Cr/g

sponge tissue dry weight (Perez et al., 2004). Converting to wet weight by multiplying by a

factor of 0.25 (Wise, J et al., 2011), and considering the daily amount of prey consumption,

one can calculate that hawksbill sea turtles could be exposed to 225 to 3,412 ug total Cr in a

24 h period from their diet [For example 0.6 ug total Cr/g sponge tissue dry weight × 0.25

moisture × 1000 g/kg × 1.5 kg sponge tissue/d = 225 ug total Cr/day].

In our study, we exposed cells to 27-273 ug of total Cr from lead chromate and 0.52 to 10 ug

of total Cr from sodium chromate for a 24 h period. Therefore, based on this calculation and

exposure scenario, our treatment concentrations range from 21 percent higher than the

amount of Cr ingested in a day for our highest concentration of lead chromate, down to 4.1

to 6,500-fold lower than the amount of Cr ingested in a day for all of our other

concentrations of lead chromate and all of our concentrations of sodium chromate. Of

course, the effective amount of Cr released from lead chromate would be much lower. This

scenarios is strictly hypothetical for context and actual exposure will vary based on

environmental conditions and prey selection as well as contributions from marine air.

However, it does show that although the precise amount of Cr exposure is uncertain for the

hawksbill sea turtle, our concentrations in this study reflect a plausible exposure range.

It is clear from data in marine mammals that Cr, has become a significant concern in the

marine environment and are at such high tissue levels significant exposure to Cr(VI) is

anticipated to have occurred (Wise, J et al., 2008, 2009). In sea turtles, however, Cr is are

much less studied. Several studies have recognized metals as a threat to sea turtles; however,

Cr levels in sea turtles have only been reported in two studies. One study found low levels of

Cr in blood plasma of hawksbill sea turtles (Suzuki et al., 2012). This outcome is not

surprising as in humans and other terrestrial animals blood plasma levels are low (ATSDR

2012).

The second study (Storelli et al., 1998) showed that Cr was most highly accumulated in the

lungs. This outcome is consistent with observations in human workers that Cr accumulates

in the lungs after inhalation exposure to particulate Cr (Holmes et al., 2008). Liver, kidney

and muscle were also measured in this study and were low relative to lung. These data
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suggest that for sea turtles respiration is likely a primary source for Cr exposure. When

considering potential sources of Cr exposure in sea turtles, respiratory exposure is rarely

addressed. However, sea turtles are air breathing animals and they dive for extended periods

of time, which is likely to increase the retention time of airborne pollutants in their lungs

while they hold their breath. One report suggests that coastal marine animals might be more

exposed to atmospheric pollution than humans due to the concentration of particles in the

air-water interface (Rawson et al., 1991). More research is needed to determine the exposure

levels of Cr for sea turtles.

In summary, our data demonstrate that Cr(VI) is cytotoxic and genotoxic to Hawksbill sea

turtle cells and indicate it is a health concern for exposed individuals and the population

overall. Further work is needed to determine the extent and how hawksbill sea turtles are

exposed.
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Highlights

• Particulate Cr(VI) is cytotoxic and clastogenic to hawksbill sea turtle cells.

• Soluble Cr(VI) is cytotoxic and clastogenic to hawksbill sea turtle cells.

• Cr(VI) may be a risk factor for hawksbill sea turtle health.
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Figure 1. Sodium Chromate Is Cytotoxic to Hawksbill Sea Turtle Cells
This figure shows that soluble sodium chromate is cytotoxic to hawksbill sea turtle cells.

Data represent 3 experiments ± the standard error of the mean. All concentrations were

significantly different from control, except for 0.25 and 0.5 μM (p < 0.0001 for 1, 2.5 and 5

μM). 0.25 μM was significantly different from 2.5, and 5 μM (p < 0.02 and p < 0.01,

respectively). 0.5 μM was significantly different from 2.5, and 5 μM (p < 0.02 and p < 0.01,

respectively). 1 μM was significantly different from 2.5, and 5 μM (p < 0.03 and p < 0.0003,

respectively). 2.5 μM was also significantly different from 5 μM (p < 0.03).
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Figure 2. Lead Chromate Is Cytotoxic to Hawksbill Sea Turtle Cells
This figure shows that particulate lead chromate is cytotoxic to hawksbill sea turtle cells.

Data represent 3 experiments ± the standard error of the mean. All concentrations except for

0.10 μg/cm2 were significantly different from control (p< 0.008). All concentrations were

significantly different from each other (p< 0.04 for 0.5 compared to 1 μg/cm2; all others - p

< 0.005).
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Figure 3. Sodium Chromate Is Genotoxic to Hawksbill Sea Turtle Cells
This figure shows that soluble sodium chromate is genotoxic to hawksbill sea turtle cells.

Data represent 3 experiments ± the standard error of the mean. For the percent of

metaphases with damage, all concentrations were significantly different from control (p <

0.001). For the percent of metaphases with damage, 0.5 μM was significantly different from

2.5 μM (p < 0.04) and 5 μM (p < 0.01); and 1 was significantly different from 5 μM (p <

0.01). For the total damage in 100 metaphases, all concentrations were significantly different

from control (p< 0.009 for 0.25 μM; p<0.0001 for all other comparisons). For the total

damage in 100 metaphases, 0.5 μM was significantly different from 2.5 μM (p < 0.01) and 5

μM (p < 0.0005); 1 was significantly different from 2.5 μM (p < 0.05) and 5 μM (p < 0.01);

and 2.5 was significantly different than 5 μM (p < 0.03).

Wise et al. Page 15

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Lead Chromate Is Genotoxic to Hawksbill Sea Turtle Cells
This figure shows that particulate lead chromate is genotoxic to hawksbill sea turtle cells.

Data represent 3 experiments ± the standard error of the mean. 0.1. μg/cm2 is the mean of 2

experiments. For the percent of metaphases with damage, all concentrations were

significantly different from control (p< 0.02). For the percent of metaphases with damage,

all concentrations were significantly different from each other (p < 0.03), except for 0.5

compared to 1 μg/cm2 (p < 0.08); and 1 compared to 5 μg/cm2 (p < 0.07). For the total

damage in 100 metaphases, for all concentrations were significantly different from each

other (p < 0.03), except for 0.5 compared to 01 and 1 μg/cm2 (p < 0.078 and p < 0.1,

respectively); and 1 compared to 5 μg/cm2 (p < 0.06).
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Table 1
Spectrum of Chromosome Aberrations

Sodium
Chromate

Concentration
1

Chromatid
Lesion

Isochromatid
Lesion

Chromatid
Exchange

Ring Double
Minute

Acentric
Fragment

Dicentric

0 2 0 0 0 0 0 0

0.5 8 0 0 0 0 0 0

1 7 4 0 0 0 0 0

2.5 20 5 0 0 0 0 1

5 33 6 0 0 0 0 0

Lead
Chromate

Concentration1

Chromatid
Lesion

Isochromatid
Lesion

Chromatid
Exchange

Ring Double
Minute

Acentric
Fragment

Dicentric

0 3 1 0 0 0 0 0

0.1 8 1 0 0 0 0 0

0.5 19 0 0 0 0 0 0

1 17 5 0 0 0 0 0

5 39 10 0 0 0 0 0

1
Data represent one experiment for each chemica
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