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Abstract 
 
    Genotoxic responses towards chronic exposure of Chaetoceros tenuissimus and Skeletonema 

costatum to water accommodated fraction of petroleum hydrocarbons (WAF-P) were evaluated as 

biomarkers of petroleum hydrocarbons pollution. The DNA damage caused by water accommodated 

fraction of petroleum hydrocarbons was assessed in terms of the DNA integrity measured by alkaline 

unwinding assay. The comparative study of the growth pattern of C. tenuissimus with respect to DNA 

integrity and the DNA strand breaks in different concentrations of WAF-P showed sufficient tolerance. 

However, its toxicity increased proportionately with exposure to elevated levels of WAF-P.  Although 

DNA damage in S. costatum was similar to C. tenuissimus, its tolerance level to WAF-P was at least 5 

times lower than that of C. tenuissimus indicating its high sensitivity to petroleum hydrocarbons. Active 

growth was exhibited by C. tenuissimus between 10-20% WAF-P (ranging from 0.59 to 1.18 mg/L 

petroleum hydrocarbons) which can be related to the polluted regions only, suggesting the tolerant 

nature of this organism. Considering the degree of sensitivity to petroleum products and good growth 

under laboratory conditions, these two diatoms could be recommended as model species for evaluating 

ecogenotoxic effects of wide range of petroleum hydrocarbon pollutants using alkaline unwinding 

assays.   
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1. Introduction 

         Marine pollution through oil spillage, effluent discharge from petrochemical industries, and sewage 

waste to the ocean has become predominant in the recent past (Pena et al. 1996, Ralph and Burchett 

1998, Stephensen et al. 2000, Reid and MacFarlane 2003). Among the petroleum pollutants diesel and 

petrol used for operation of fishing trawlers, tourist speedboats and other sea and land transport 

activities often find their way to the sea resulting in an increase of the petroleum hydrocarbon (PHC) 

contents in the coastal waters. These oil pollutants have threatened the existence of oceanic and inland 

aquatic organisms (Verlecar et al., 2006; Ingole et al., 2006; and Zhang et al., 2003). Consequently the 

resulting high toxic petroleum hydrocarbon fractions may reach aquatic organisms, causing several 

genetic changes in their cells/tissues. Presence of petroleum hydrocarbon in varying proportions has 

been reported by several researchers along Indian coasts (Sarkar et al, 2008, Ingole et al., 2006). In 

our studies along the Mangalore coast very high PHC concentration was observed off Kulai region, 

varying from 0.89 to 1.52 mg/L, due to the effluent discharge from petrochemical industry (Verlecar et 

al., 2006). Kadam and Chouksey (2002) reported PHC ranging from 0.12 to 2.44 mg/L in water and 

from 4 to11059 μg/g in sediments along the west coast of India. Also Chouksey et al. (2004) 

encountered high PHC concentration in the surficial sediment of the Bassein–Mumbai region exceeding 

15 ppm (dry wt).  For the past 15 years the Indian coasts were continuously being monitored for PHC, 

metals and other xenobiotic pollutants under the National Programme on “Coastal Ocean Monitoring 

and Prediction System” (COMAPS) initiated by the Department of Earth Sciences, Government of 

India, New Delhi and the data recorded in the form of annual reports provided an insight into the levels 

of contamination along the entire Indian coasts. 

   Studies related to phytoplankton and petroleum hydrocarbons mainly deal either with influence of 

dissolved petroleum hydrocarbons on phytoplankton distribution or laboratory studies on crude and fuel 

oils on their growth (Shailaja, 1988; Mahoney and Haskin, 1980; Ostagaard et al., 1987; Phatarpekar 

and Ansari, 2000). However the data on phytoplankton growth and the genotoxicity of petroleum 

hydrocarbons on phytoplankton was not reported so far. It was suggested that the impact of toxic 

chemicals on DNA may lead to gene mutation resulting in the occurrence of cancer (Vineis and 

Husgafvel-Pursiainen, 2005). Phytoplankton being primary organism in the food chain, plays a major 

role in biomagnifications of the concentration of toxicants into their higher predators like zooplankton, 

fish and ultimately to humans. Thus the phytoplankton gains the prime importance for assessment of 

marine pollution.      

     DNA strand break measurement, a potential biomarker (Sarkar et al, 2008, 2006; Sarkar, 2006a,b; 

Everarrts and Sarkar, 1996; Shugart, 1988) was not yet applied to diatom species of phytoplankton for 
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marine pollution assessment. The present work was therefore focused to understand sensitivity of two 

diatom species C.tenuissimus and S.costatum to water accommodated fraction of petroleum 

hydrocarbons (WAF-P) and to assess the genotoxic effects of these pollutants following the technique 

of alkaline unwinding assays. The genotoxicity method standardized in our laboratory, involves 

optimization of the alkaline unwinding assay using unialgal cultures of marine diatom C. tenuissimus 

and S. costatum as test species.  

 

2. Material and methods 

    Chaetoceros  tenuissimus and Skeletonema costatum are typically marine diatoms abundantly 

available all along the Indian coast.  While Kandla creek (Gujarat) waters were used for isolation and 

culture of C.tenuissimus, Goan coastal water was used for the same purpose for S.costatum. Both 

these species were grown into unialgal cultures in our laboratory at NIO, Goa. The cultures were further 

treated with a mixture of antibiotics (2μg/L Streptomycin + 2μg/L Ampicillin) to maintain an axenic status 

during the experimental period. Batch cultures were maintained in 50ml volume in 100ml Erlenmeyer 

flasks using filtered autoclaved seawater enriched with F/2 medium (Guillard and Ryther 1962). The 

initial cell density was 2.40 x 104 cells per liter.  The subcultures were kept in a culture chamber with 

fluorescent light (intensity, 5500 lux) on a 14:10; light:dark cycle at 250C. 

 

2.1 Preparation of water accommodated  fraction of Petroleum hydrocarbons:  

   Water accommodated fraction of petrol (commercial grade) was prepared following the EPA method 

(EPA Region II, 1978) with slight modification as follows: Autoclaved F/2 medium mixed with petrol (in 

9:1 (v / v), F/2 medium:oil proportion), was added in a volumetric flask covered with aluminum foils and 

tightly capped with a stopper in order to reduce evaporation of volatile petroleum hydrocarbons. Mixing 

of the medium was carried out with a magnetic stirrer at a slow speed, for 20hrs at room temperature 

followed by separation of the oil and F/2 medium phases for 8hrs in a separating funnel. Then the 

aqueous phase was separated out by draining. The aqueous phase (F/2 medium) consisting of the 

petroleum hydrocarbons traces thus obtained was considered as 100% stock solution of water 

accommodated fraction of petrol (WAF-P). For the measurement of total petroleum hydrocarbon, the 

WAF-P sample was extracted in double distilled hexane and quantified by spectrofluorometry using 

Shimadzu 1501 spectrofluorometer. Bombay high crude oil was used as the reference material for 

quantification of the hydrocarbons. Total petroleum hydrocarbon was measured in triplicates with 

standard error of the analysis as less than 1.05%.   
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2.2  Extraction and Gas chromatography / mass spectrometry analysis:- 

     The WAF-P sample along with petroleum hydrocarbons (in triplicates) was extracted in HPLC 

grade hexane. The hexane fraction, separated by separating funnel, was dried using anhydrous sodium 

sulfate. The solvent extracts were reduced to small volume using rotary evaporator. WAF-P sample, 

along with the sample of petroleum hydrocarbons was analyzed, using Gas Chromatography coupled 

with Mass Spectrometry (GCMS- QP2010, Shimadzu, Japan). The MSD calibration gas (PFTBA) was 

used to tune the MSD instrument [the mass number monitored and their magnification factors are set to 

m/z 69 (factor 10), m/z 219 (factor 15) and m/z (factor 20)]. Estimation of individual compound/group 

was done by area normalization.  Both WAF-P and petroleum hydrocarbons were run in triplicates with 

standard error of the analysis as less than 2.5%.  Analysis was carried out by GC/MS Laboratory, 

National Institute of Oceanography, India. A typical chromatogram and a mass spectrum are shown in 

Fig 5a and 5b. 

 

2.3 Preparation of test cultures for C. tenuissimus and S. costatum. 

     The test concentrations of WAF-P fraction were ascertained by conducting preliminary toxicity 

test. Since the levels of petroleum hydrocarbon concentrations vary (from 0.12 to 2.44 mg/l) in respect 

of the variation of Indian aquatic environments, wide ranges of test concentrations were used for 

experiments. For the pilot experiment, WAF-P concentrations of 5%, 10%, 15% and 20% were tested 

for the growth of C. tenuissimus. Since in all these concentrations growth was active and to know the 

inhibition concentration of WAF-P, higher WAF-P concentrations of 10%, 20%, 30% and 40% were 

used in experimental procedures. The highest concentration of 40% WAF-P used was equivalent to 

2.36mg/l of petroleum hydrocarbon; almost similar to higher concentration (>1.50 mg/l) already 

reported in the Indian coastal waters around Karnataka (Verlecar et al., 2006). Hence all the 

experimental concentrations represented were in close proximity to those present in the natural 

environment. Also the active growth of the species at such high concentrations, evidently suggests the 

tolerant nature of this diatom, and hence the same concentrations were chosen for the genotoxicity 

studies. For the pilot experiment of S. costatum, WAF-P of 5%, 10%, 15% and 20% was tested. Among 

all these test concentrations, the growth of the organisms was found to be inhibited at 15% and 20% 

WAF-P, whereas moderate growth was observed at 5% and 10%. The observed variations in the 

growth of the organisms evidently exhibited the intolerant nature of this diatom to higher concentrations. 

Hence the relatively low WAF-P concentrations of 2%, 4%, 6% and 8% were chosen for the 

genotoxicity studies. For both C. tenuissimus and S. costatum, controls without adding WAF-P, were 

maintained for each test series.  
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    A subculture of 2 ml of C. tenuissimus and 4 ml of S. costatum in the exponential growth phase was 

added separately as inoculum for separate test flasks to maintain equal initial cell density of (2.40 cells 

X 104/L). Before going for the genotoxicity test, on every sampling day cells were analysed (counted) to 

see whether cells were alive or dead. Growth was assessed on every fourth day by chlorophyll a as 

well as cell count analysis by using 0.5 ml (for chl a) and 1 ml (for cell counts) aliquots of cultures of C. 

tenuissimus and S. costatum cultures separately over a period of 20 days depending on the longevity of 

the experiments. Chl a was measured by acetone extraction method using fluorometric techniques. For 

cell counts 1ml aliquot of cultures was transferred to a plastic vial and preserved in Lugol’s solution and 

formalin. The cells were enumerated on an inverted microscope using a Sedgewick Rafter counting 

chamber. Since growth pattern in the form of cell count was quite parallel to chl a value, cell count data 

is not included in the present study to avoid replication of the results. All the experiments were run in 

triplicate. Growth for test cultures measured as Chl a (mg/ml) at regular intervals was subjected to two-

way analysis of variance (ANOVA). 

2.4 DNA extraction and alkaline unwinding techniques 

   DNA alkaline unwinding assay was validated using 2.5μg, 5μg, 10μg, 25μg, 50μg and 100μg of calf 

thymus DNA standards (Sigma). Calf Thymus DNA was used as a reference for most plant and animal 

DNA because it is double-stranded, highly polymerized, and is approximately 58% A-T rich sequences 

(42% G-C rich sequences). The dye Hoechst 33258 [a bis(benzimidazo1e) derivative, becomes brightly 

fluorescent when bound to A-T rich sequences of double-stranded DNA (Loontiens et al., 1990). Only 

after obtaining positive response in the above tests, experiments on relative genotoxicity of C. 

tenuissimus and S. costatum to WAF-petrol were carried out.  These tests confirm the validation of 

alkaline unwinding assay for applying to the present study.   

     For DNA alkaline unwinding studies, DNA was extracted separately from C. tenuissimus and S. 

costatum cells and then allowed to be partially unwinded under alkaline conditions. The degree of 

unwinding was estimated using a DNA-specific dye (Hoechst 33258, Sigma) that fluoresces more 

intensely in the presence of double-stranded than single-stranded DNA. Methods modified from that 

described by Shugart (1988) were used for all estimations. The alkaline unwinding technique is a well 

established technique for quantification of DNA strand breaks. In this method three parameters were 

measured under a defined condition of pH and temperature for a specified time. In fact, DNA unwinding 

takes place at single strand (ss) breaks within the molecule. The amount of double-stranded (ds) DNA 

remaining after a specified given period of alkaline unwinding would be inversely proportional to the 
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number of strand breaks present at the initiation of the alkaline procedure, provided renaturation was 

prevented. It has been observed that Hoechst 33258 fluoresces only about half as much when it binds 

to single-stranded (ss) genomic DNA compared to when it binds to double-stranded (ds) genomic DNA 

(Shugart, 1988). Interestingly, the amount of change in fluorescence observed (under specified assay 

condition) with a fixed amount of DNA with respect to the conversion of double-stranded (ds) to single-

stranded (ss) form is an intrinsic property of the DNA and should be determined for each of the 

organisms investigated. It is to be noted that the precision of the alkaline unwinding procedure using 

florescence technique was verified by comparing the results with an alternative procedure using 

benzoylated/naphthoylated-DAEA cellulose chromatography (Strauss, 1981) and found to be identical 

(Shugart, 1988). 

    In short, the method involves harvesting of an aliquot of C. tenuissimus from each culture flask on 

every fourth day and centrifuging at 2500 rpm to get the cell pellet. The pellet was then homogenized in 

1N NH4OH in 0.2% Triton X-100. The homogenate is transferred to a centrifuge tube containing 2ml 

water, 6ml of Chloroform / Phenol / Isoamylalcohol (24/25/1 v/v) and allowed to stand for 10-15 min. 

The homogenate was centrifuged again at 1000 rpm for 20 min at 40C and the aqueous layer was 

transferred to a sterilized microcentrifuge tube. The DNA was recovered by Sephadex-G-50 column 

(1cm i.d: 4ml settled bed volume) and equilibrated in G-50 buffer (0.015M NaCl, 0.01 M Tris pH 7.4, 

1mM MgCl2, 0.5mM EDTA). Eluates were stored on ice until DNA alkaline unwinding analysis. Aliquots 

of DNA sample of 100 μl taken in 3 separate tubes were combined with 50 μl of 0.05N NaOH and each 

of the tubes exposed separately to 40C, 800C and 380C for 25 min. After incubation, the sample was 

neutralized by addition of 50 μl of 0.05N HCl. This was followed by immediate addition of 5μl of 0.2% 

SDS in 2mM EDTA and homogenized by vortexing for 30 sec. The fluorescence was measured after 

addition of Hoechst dye 332580 in 2M potassium phosphate buffer (pH 6.9) using spectroflurometer 

(Shimadzu RF-501, Japan) at 360nm (Ex) and 450 nm (Em) wavelength (Everaarts and Sarkar, 1996; 

Sarkar et al., 2008).  

    The integrity of DNA or fraction of double-stranded DNA (F) remaining after alkaline unwinding was 

calculated for each sample as F=(Xau - Xss)/(Xds - Xss) where ‘X’ stands for observed fluorescence,  ‘au’  

partially unwinded-double-stranded DNA, ‘ss’, single-stranded DNA and ‘ds’, double-stranded DNA. 

The fraction of double-stranded DNA in test organisms were also analyzed individually by two-way 

ANOVA, to find the variations among the treatments, assuming that the variation within the individual 

treatments was equal. In order to observe the significant changes of the F-values (integrity of DNA) 

between dose within days as well as within dose between days, data were also subjected to ‘t’ test.  

Data were transformed into relative increase over control values of DNA strand breaks, ‘N’. The number 
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of DNA strand breaks, ‘N’ per alkaline unwinding unit  was calculated in terms of [(ln Fe / ln Fo)-1], 

where e and o refer to the experimental sample (after exposure to WAF-P) and the control (before 

exposure to WAF-P), respectively (Sarkar et al, 2008; Nacci and  Jackim, 1989;,Shugart, 1990). The 

extraction of DNA and the alkaline unwinding assay for S. costatum was also carried out following the 

same method.   

 

3. Results 

3.1 Hydrocarbon fractions in petrol and WAF-P 

    GCMS analysis showed a diverse fraction of total petroleum hydrocarbons (TPH) from C9 to C36 in 

oil and WAF-P. It appeared that the major fraction of TPH included in WAF-P was C9 to C15.  As such 

the solubility of fraction C16 to C25 was very less in WAF-P (Table 1). Table 2 showed the petroleum 

hydrocarbon concentrations in different percentage composition of WAF-P. At 100 % WAF-P, the 

petroleum hydrocarbon concentration was found to be 5.9 mg/L.    

 
3.2 Effect of WAF-P on C. tenuissimus 

     The growth of C. tenuissimus in relation to WAF-P exposure, was measured as chlorophyll a 

concentration as shown in Fig 1A. It showed that the growth of organism decreased with the increase in 

WAF-P concentrations. Highest growth of organism in controls was achieved on 12th day followed by a 

stationary phase and then declination after 16th day. Test cultures in 10% and 20% WAF-P depicted 

similar growth pattern to that of controls up to 12th day and decreased till 16th day with slight recovery 

thereafter. At higher concentrations, Chlorophyll a remained almost steady throughout the exposure 

period. 

 
    The results of DNA integrity tests (dsDNA) and DNA strand breaks in C. tenuissimus during chronic 

exposure to WAF-P are shown in Fig. 1B and 1C respectively.  Interestingly, while DNA integrity in the 

control remains steady, a sizable decrease in its content could be observed in WAF-P exposed batch 

cultures. The decrease in DNA integrity was in proportion with the increase in WAF-P concentration 

from 10% to 40%.  The sharp decrease in DNA integrity content up to 16 days was followed by an 

upward trend in WAF-P exposed specimen (Fig 1B). This clearly reflects the adaptation of C. 

tenuissimus cells to WAF-P, which was found to be better at lower WAF-P concentrations of 10% and 

20% than at higher concentrations of 30% and 40%, where growth did not reduce further but got 
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stagnant.  Two-way analysis of variance measured for DNA integrity of C. tenuissimus showed a 

significant difference in values at all concentration level as well as exposure period (p<0.001). 

 
 Fig 1C, clearly showed that, DNA strand breaks were found to be highest in 40% and lowest in 10% 

WAF-P concentrations. However, strand breaks at 30% and 40% WAF-P increased up to 12th day and 

decreased later. At lower concentration of 20% WAF-P, strand breaks remained steady up to 12th day 

and then increased sharply on 16th day and declined later. While at 10% WAF-P, steady condition 

continued up to 16 days with a slight decrease on the last day.   

     

     The DNA integrities (F) of C. tenuissimus were tested for statistical significance with respect to 

different doses and the time. Highly significant difference was observed in the DNA integrities between 

the control and the WAF-P concentration of 10% and the above during the entire exposure period 

(p<0.01). Test of significance on the differences in the DNA integrities amongst the exposure period of 

days to different WAF-P concentrations also yielded interesting results. The significant differences in 

the DNA integrities in diatom on the 4th day with respect to those on the 16th day at all test 

concentrations indicated its propensity to decrease with the exposure period. The change in control 

with respect to time (p<0.05) could be attributed to the death phase of C. tenuissimus (Fig 1A), which 

was associated with lower DNA integrity content on 16th and 20th day. During the short duration of 

sampling periods of 4 days, not all concentrations showed  significant difference in the DNA integrity, 

indicating that sustainability of the DNA strands of the organisms  in the ambient condition. 

  

3.3 Effect of WAF-P on S. costatum 

    The growth of S. costatum in relation to WAF-P exposure, measured in terms of chlorophyll a 

concentration is shown in Fig 2A. It was observed that, the growth pattern of S. costatum was similar to 

C. tenuissimus with controls reaching the peak of the growth on 12th day followed by a stationary phase 

up to 16th day and a declination later. Similar increased growth pattern was depicted in cultures with 

WAF-P concentrations of 2% and 4% up to 12th day, with a declined phase following immediately after 

this without the signs of any recovery (Fig 2A). Interestingly, at higher levels, chlorophyll a remained 

almost steady throughout the study period. S. costatum appears to be highly sensitive to petroleum 

hydrocarbons compared to C. tenuissimus, as severe effect of petroleum hydrocarbons was clearly 

manifested on the growth of the former even at low concentrations up to 2% WAF-P.   
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   The results of DNA integrity tests (dsDNA) and DNA strand breaks in S. costatum during chronic 

exposure to WAF-P are shown in Fig.2B and 2C respectively. DNA integrity pattern in S. costatum was 

almost similar to C. tenuissimus. It can be seen that, while dsDNA fraction in the control remains 

steady, a steep decline in double strandedness was observed in WAF-P exposed batch cultures, 

depending upon the concentrations and the duration of the exposure period. However, unlike C. 

tenuissimus, which showed signs of recovery in dsDNA after 16th day, no such recovery phase was 

recorded in WAF-P exposed specimen S. costatum. This suggests that S. costatum cells are highly 

sensitive to petrol even at low concentrations of 8% WAF-P as compared to C. tenuissimus. Two-way 

analysis of variance measured for DNA integrity of S. costatum showed a significant difference in 

values at concentration level as well as exposure period (p<0.001). It is amply clear from the fig 2C, 

that, highest DNA strand breaks were observed in 8% and lowest in 2%. In fact, DNA strand breaks 

increased with the increase in duration of the exposure and the WAF-P concentration.   

 

     The DNA integrities (F) for S. costatum were tested for statistical significance (student ‘t’ test) at 

different doses and time. Highly significant difference was observed in the DNA integrities between the 

control and the WAF-P concentration of 2% and the above during the entire exposure period (p<0.01). 

‘t’ test for the DNA integrities on the 4th day with the rest of the exposure period showed a significant 

difference on 20th day with all test concentrations including the control indicating a decreasing trend of 

the DNA integrity with the duration of the exposure period. Similar to C. tenuissimus, the change in 

control with respect to time (p<0.05) could be attributed to the death phase of S. costatum, (Fig 2A), 

which is associated with lower DNA integrity content on 16th and 20th day. However, during the short 

span of 4 days of sampling period, not all concentrations show the significant difference in DNA 

integrity value, indicating that occurrence of DNA strand breaks  was not predominant 

 

3.4 Correlation analysis 

    Chl a concentration showed a negative correlation with DNA strand breaks in both C. tenuissimus      

(r = - 0.7816) and S.costatum (r= - 0.4289) at significance level of  >95 % (Fig 3A & B). At lower 

concentrations of WAF-P in both C. tenuissimus (Fig 4A) and S. costatum (Fig 4C), correlation was non 

significant (p>0.05). While at higher concentrations of WAF-P (Fig 4B and Fig 4D) correlation between 

Chl a and strand breaks showed significant negative correlation at significance level of  >99.99%.  
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4. Discussion 

     Petroleum hydrocarbons contains aromatic and aliphatic hydrocarbons, which get dissolved in water 

in diverse proportions. Pacheco and Santos (Pacheco and Santos, 2001) reported that WAF-P 

contained dissolved BTEX compounds (such as benzene, toluene, ethyl benzene and xylene isomers) 

and small polyaromatic hydrocarbons (PAH). Naphthalene was most abundant among PAH along with 

benzo(ghi)perylene, pyrene and benzo(a)pyrene. WAF-P used in our experiments showed up to 

97.81% fractions between C9 to C15 (Table 1). Reid and MacFarlane (2003) reported that naphthalene 

accounted for almost 95 % PAH in WAF crude oil, which were responsible for the toxic effects in marine 

organisms. 

  

    Aromatic hydrocarbons are more water-soluble than alkanes of similar molecular weight and 

disappear more slowly from solution compared to alkanes (Anderson et al., 1974). Also aromatics get 

accumulated in organisms to a greater extent and retained longer than alkanes (Phatarpekar and 

Ansari, 2000; Neff et al., 1976). The hydrocarbons like benzenes and alkylbenzenes are present in the 

WAF-P, which may be responsible for initial slow growth of C. tenuissimus and S. costatum, thereby 

prolonging the lag phase (Fig 1A and 2A) (Phatarpekar and Ansari, 2000; Armstrong et al., 1981). 

Durako et al., (1993) related the initial toxicity of crude oil to low molecular weight aromatic compounds, 

such as benzene, xylenes and toluene. Aromatics like naphthalene and alkylnaphthalenes have an 

equally deleterious effect on the microalgae (Kauss, 1973; Soto, et al., 1975a & b) and are present in a 

higher proportion in the WAF of refined oils like petrol (Anderson et al., 1974). Thus, in the present 

study lower growth in test culture in relation to controls is clearly indicative of the effect of these 

aromatics on the diatoms, C. tenuissimus and S. costatum.  Also decrease in growth with increased 

WAF-P concentrations suggests, increase in aromatics with higher WAF-P concentrations.   

 

    Sustained growth of C. tenuissimus at 10% and 20% (Fig. 1A), and that of S. costatum at 2% and 

4% WAF-P concentration (Fig. 2A), observed in present studies suggests that these concentrations are 

within tolerance limit of these diatoms, while growth inhibition occurs at respective higher 

concentrations. It appears therefore, that the petroleum hydrocarbon concentrations of 1.77 mg/L (30% 

WAF-P) and 0.35 mg/L (6% WAF-P) are lethal for C. tenuissimus and S. costatum respectively (Table 

2). Akpan and Frank (2003), while observing the effect of waste engine oil on diatom species, 

Actinocyclus and Aulocadiscus, reported similar changes. Interestingly, the enhancement in growth of 

C. tenuissimus seen from 16th day onwards, in the present study, might be an indication of the recovery 
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stage of C. tenuissimus cells. On the other hand S.costatum, did not show any recovery indicating that 

the damage caused is irreparable, even at low concentrations of 2% to 8% of WAF-P. 

  

    Since the changes in pigment concentrations might not necessarily manifest the changes at cellular 

components (Aoyama et al., 2003; Desai et al., 2006), the studies on DNA strand breaks measurement 

was of immense importance. Also the occurrence of strand breaks in cellular DNA was considered as 

useful biomarker in environmental biomonitoring for genotoxicity (Shugart, 1990). Progressive and rapid 

decrease in the DNA integrity (F) in the WAF-P treated cultures of C. tenuissimus and S. costatum 

suggested  that the toxicity enhanced with increasing dose and time (Fig 1B and 2B). In this context, 

several field and laboratory studies reported the damaging effect of petroleum related toxicants on DNA 

molecules (Nacci and Jackim, 1989; Xu, et al., 1999; Nagarajappa et al., 2006).  

 

 The enhanced  effect on the DNA integrity at higher WAF-P concentration as observed in the 

present study indicated larger transfer of organic compounds to water at higher WAF-P concentrations 

(Lysyj and Russel, 1974). Hydrocarbon concentration of 5.90±0.1 mg/L present in 100% WAF-P was 

much higher than that observed in our coastal waters. In fact, in the spectroflurometric analysis, at 310 

nm excitation and 360 nm emission wavelengths the fluorescence produced were principally by 

aromatic compounds (Ostgaard and Jensen, 1983). Thus the dissolved organics found in the WSF of 

petroleum hydrocarbons were mainly aromatics. This high level of aromatics might be responsible for 

the toxicity observed at higher concentrations of WAF-P. 

 

    The inverse relation observed in Fig 1B & 1C for C. tenuissimus and Fig 2B & 2C for S. costatum for 

each of the WAF-P concentrations, suggested that, higher the DNA strand breaks lesser the dsDNA 

fractions. Highest DNA strand breaks occurred in C.tenuissimus at 40% WAF-P level while the same 

was found in S. costatum at 8% WAF-P substantiating the fact that, genotoxicity at these 

concentrations were acute. The results of the studies strongly indicated the overt genetic effect of WAF-

P in the present experimental conditions. Perez-Cadahia et al. (2004), while evaluating DNA damage in 

mussels (Mytilus galloprovincialis), also observed higher DNA breakage exposed to the higher aqueous 

total polycyclic aromatic hydrocarbon content. Significant negative correlation between Chl a and DNA 

strand breaks in mussels both C. tenuissimus and S. costatum (Fig 3A & B) confirms the inverse 

relationship between Chl a and DNA strand breaks.   The insignificant negative relation between Chl a 

and the DNA strand breaks at 10% and 20% WAF-P for C.tenuissimus (Fig 4A) and at 2% and 4% 
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WAF-P  concentrations for S.costatum (Fig 4C) clearly indicated that at low concentrations petroleum 

hydrocarbons were not effective enough to cause DNA damage. However, significant negative 

correlation was observed between Chl a and the DNA strand breaks at higher WAF-P concentrations of 

30% and 40% in C. tenuissimus (Fig 4B) and at 6% & 8% in S.costatum (Fig 4D, p<0.001), clearly 

suggesting the impact of hydrocarbons on the DNA integrity.  Interestingly, the comparison between 

Fig1A & 1B and 2A & 2B, where the same negative relation was not visible indicated the occurrence of 

DNA damage although to a lesser extent but in all the test concentrations with lower WAF-P 

concentrations, which could probably be due  to repairing of DNA damage.  

 

    Stability in DNA strand breaks from 4th day to 8th day with WAF-P level less than 30% indicated an 

adaptation of C. tenuissimus to petroleum hydrocarbon toxicity. While the reduction in DNA strand 

breaks from 16th day onwards (Fig 1C) in all the treated cultures suggests that dsDNA was building up 

(Fig 1B). Shugart (1988) reported that the increase in DNA integrity resulting from decreased DNA 

strand breaks could reflect the organism’s ability to repair the damage. Increased chlorophyll a (Fig 1A), 

dsDNA (Fig 1B) and decreased DNA strand breaks (Fig 1C) from 16th day onwards clearly implied the 

repairs of damaged DNA in C. tenuissimus cells. The observed recovery of the DNA integrity in test 

cultures of C. tenuissimus at 10% and 20% WAF-P from 16th day onwards, could be due to the loss of 

low molecular weight volatile fractions. However, the sustained low DNA integrity at 40% WAF-P 

concentrations suggests that the recovery was impossible beyond the certain threshold levels. Further, 

at 40% WAF-P levels, a constant decline in DNA integrity was due to the persistence of some toxic 

compounds for a longer time, perhaps throughout the experimental period. For example, medium 

molecular weight aromatics like anthracene, phenanthrene and chrysene were reported to be the most 

persistent hydrocarbons (Prouse et al., 1976). These hydrocarbons showed an adverse effect on 

microorganisms (Eganhouse and Calder, 1976). Higher levels of these hydrocarbons in the WAF-P 

could induce extra stress on the microalgae to limit their recovery. Tukaj (1987) also observed a 

decrease in cell population with various concentrations of WAF-P. Slight decrease in dsDNA in control 

cultures of both S. costatum and C. tenuissimus from 4th day to 20th day (Fig 1B & 2B) could possibly 

indicate normal structural changes that might occur in the DNA molecule during replication and random 

thermal collision between molecules and cellular metabolism (Elliott and  Elliott, 1997). 

 

    Chemical modification of hydrocarbons can also increase their toxicity. Photo-oxidation is an 

important mechanism in this respect. Greatly increased toxicity has been reported to algae by photo-

oxidised hydrocarbons (Lacaze and Viledonde, 1976; Skjoldal et al., 1982). Aromatic compounds get 
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readily photo-oxidised and the compounds like hydroperoxides formed might further undergo 

photochemical transformation producing highly alkylated phenols and substituted benzonic and 

naphthonic acid. Incorporation of oxygen makes them more soluble to retain in solution for a longer 

time. Because of the polar and the non-polar nature, they are concentrated more by organisms and 

have a deleterious effect on the cell membrane, which could lead to death of the cell (Larson et al., 

1979).  Thus, photo-oxidation products might have caused prolonged toxicity resulting in the 

termination of growth.  

 

   The consistent  occurrence of DNA strand breaks in S. costatum from the 4th day itself and no sign of  

recovery at any stage of exposure indicated the susceptibility of the diatom to WAF-P (Fig 2B & C). 

However,  the sustained growth at 10 & 20% WAF-P and recovery of the DNA integrity from 16th day 

onwards in C. tenuissimus suggested the adaptability of the diatom. The two diatoms tested were 

themselves native diatoms in the Indian coastal waters. Also considering the difference in sensitivity of 

the two diatoms, C.tenuissimus would help to detect the petroleum pollution at high concentration. 

While, S. costatum could serve better in low petroleum pollution environment. Considering differences 

in sensitivity of the two diatoms to WAF-P and their quick growth under laboratory conditions, 

S.costatum and C.tenuissimus could be designated as the appropriate models for evaluating 

ecogenotoxic effects at broad range concentrations of petroleum pollutants.  

 

5. Conclusion 

• Investigations on the toxic effects of petroleum hydrocarbons on the two diatoms C.tenuissimus 

and S.costatum indicated sustained growth up to 20% and 4% WAF-P respectively, which 

declined sharply beyond that concentration. 

• DNA integrity tests showed a sizable decrease in DNA integrity in WAF-P exposed cultures of 

these diatoms.  

• Proportional increase in DNA strand breaks with increased concentrations as well as exposure 

period suggested that DNA damaging effects of WAF-P for both the diatoms were progressive.   

• Increased DNA integrity after 16th day in WAF-P exposed C.tenuissimus cultures implies that 

the damaged DNA is being repaired. 

• Comparison of the petroleum toxicity in these two diatoms suggested that S costatum was 

highly sensitive species while C.tenuissimus was sufficiently tolerant to WAF-P.    
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Table-1: Proportion of hydrocarbon fractions in the parent oil (petrol) and  

   water accommodated fraction of petrol (WAF-P) soluble fractions. 
 

  
Petrol oil 

(%) 
    WAF-P (%) 

 
C9 -C15 20.06 97.81 
C16 -C 25 77.48 1.777 
C26 –C36 2.05 0.407 
 
 
 
 
 
 
 
 
 
 
Table-2:  Petroleum hydrocarbon concentration in water accommodated 

     fraction of petrol. 
 

WAF-P 
 

Petroleum hydrocarbon concentration 
(mg/L) 

100% 5.9 
50% 2.95 
40% 2.36 
30% 1.77 
20% 1.18 
10% 0.59 
8% 0.47 
6% 0.35 
4% 0.24 
2% 0.12 
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A)                  Effect of WAF-petrol on the growth of 

C. tenuissimus
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B)                         Integrity of DNA of C. tenuissimus during 

              chronic exposure to WAF-petrol
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C)                          DNA strand breaks relative to controls
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Fig 1A-C:     A] Growth of C. tenuissimus during chronic exposure to WAF-petrol. Data expressed as (mean+ 
SD, n=3) chlorophyll pigment assessed on every fourth day. B] Integrity of DNA of C. tenuisiimus during chronic 
exposure to WAF-petrol. Data expressed as fraction (mean + SD, n=3) of double-stranded DNA present in C. 
tenuissimus. C] Time course of WAF-petrol induced strand breakage in DNA from C. tenuissimus. Data 
expressed as breaks / alkaline unwinding unit (mean + SD, n=3) 
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A)                        Effect of WAF of petrol on the growth of 
Skeletonema costatum
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B]                Integrity of DNA of S. costatum during 

          chronic exposure to WAF-petrol
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C)                       DNA strand breaks relative to controls
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Fig 2 A-C: A] Growth of S. costatum during chronic exposure to WAF-petrol. Data expressed as 
(mean+ SD, n=3) chlorophyll pigment assessed on every fourth day. B] Integrity of DNA of S. costatum 
during chronic exposure to WAF-petrol. Data expressed as fraction (mean + SD, n=3) of double-
stranded DNA present in S. costatum. C] Time course of WAF-petrol induced strand breakage in DNA 
from S. costatum. Data expressed as breaks / alkaline unwinding unit (mean + SD, n=3) 
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 A)             Correlation between  Chlorophyll (mg/m3) vs DNA 
   strand breaks in Chaetoceros tenuissimus

r=-0.7816, p<0.001
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B)                     Correlation between  Chlorophyll (mg/m3) vs 
                          DNA strand breaks in Skeletonema costatum
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Fig 3 A-B:   Correlation between  Chlorophyll (mg/m3) vs DNA strand breaks in Chaetoceros 
tenuissimus[A] and Skeletonema costatum [B]. 
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[A]             Correlation between  Chlorophyll (mg/m3) vs 
                   DNA strand breaks at 10% and 20% WAF-P 

in Chaeotoceros tenuissimus
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[B]       Correlation between  Chlorophyll (mg/m3) vs DNA 
  strand breaks at 30% and 40% WAF-P in C. tenuissimus

r = -0.7688, p<0.001

2

3

4

5

6

7

0.12 0.14 0.16 0.18 0.20 0.22

Chlorophyll

D
N

A
 s

tr
an

d 
br

ea
ks

 



 23

[C]      Correlation between  Chlorophyll (mg/m3) vs DNA   
               strand breaks at 2% and 4% WAF-P in Skeletonema 

costatum

r = -0.0632, p>0.05
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[D]       Correlation between  Chlorophyll (mg/m3) vs 
           DNA strand breaks at 6% and 8% WAF-P in 

Skeletonema costatum

r = -0.7299, p<0.001
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Fig 4 A-D: Correlation between  Chlorophyll (mg/m3) vs DNA strand breaks at 10 % & 20% [A] and at 
30 % & 40% [B] concentration of WAF-P in Chaeotoceros tenuissimus. Correlation between  
Chlorophyll (mg/m3) vs DNA strand breaks at 2% & 4% [C] and 6% & 8% [D] concentration of WAF-
P in Skeletonema costatum. 
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 Fig. 5a.  A typical chromatogram of the petroleum hydrocarbons extracted from the     
             experimental medium 
 
 
 
 
 

 
 
 Fig 5b The mass spectrum of one of the component of the chromatographic peak  
            analyzed 
 


