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As insights from tolerance responses of native microflora 
are useful in deciphering their involvement in biogeo-
chemical cycling of heavy metals, we enumerated mer-
cury-resistant bacteria (MRB) using sea water nutrient 
agar medium amended with 10 ppm Hg from oceanic 
and coastal waters of the Bay of Bengal (BOB) during 
the summer monsoon (July–August 2001) period. 
MRB were present in all samples and, intriguingly, the 
MRB per cent based on total viable counts (TVC) in-
creased significantly (r = 0.86; P < 0.001; df = 44) with 
depth. On an average, MRB contributed to over 20% 
of TVC on the surface, 12% at 100 m, 35% at 500 m 
and a staggering 49% at 1000 m. The fact that a major 
portion of the natural, culturable bacterial flora was 
mercury-resistant from the offshore regions of the 
BOB points to the global nature of mercury pollution. 
The higher percentages of MRB in the offshore waters 
of the BOB might signify the already prevalent ad-
verse impact of heavy metals on the metabolic per-
formance of heterotrophic microflora.  
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OBSERVATIONS on the occurrence and distribution of na-
tive bacteria capable of metal tolerance are of relevance 
in microbial ecology to understand the extent of metal 
pollution as well as to reflect on the ability of such native 
forms to exist and carry on with their metabolic func-
tions1,2. Many human activities have a negative impact on 
several biological processes and there is no doubt that 
these will continue to affect the functioning of highly 
productive coastal ecosystems and beyond. It is therefore of 
pertinence to obtain information on the abundance of mer-
cury-resistant heterotrophic prokaryotes since their adap-
tive responses aid in deciphering their involvement in 
biogeochemical cycling of mercury. 
 Mercury-resistant bacteria (MRB) are widely distributed 
and quite ubiquitous in nature, accounting ca. 1–10% of 
aerobic heterotrophic bacteria3. They can be isolated 
without prior enrichment. However, resistant strains are 
more abundant in mercury-polluted environments, where 
up to 50% may grow on nutrient agar media amended with 
as high as 50 µM (10 ppm) Hg[II], whereas sensitive 
strains can at best tolerate ca. 1 µM in the growth media4. 

The presence of MRB is often correlated with the level of 
mercury contamination in an environment, although they 
have also been isolated from uncontaminated environ-
ments5,6. 
 Widespread mercury contamination of the coastal zones 
is increasing at an alarming rate with time and is already 
affecting marine environments such as the Caribbean re-
gion7. Many studies on the biota, sediments and water 
have reported mercury concentrations far above the levels 
tolerated by humans8–12. As a consequence, mercury-
resistance is often seen to be associated with the natural 
flora2,6,13. Recently, stringent legislation in the US and 
European countries has brought down the anthropogenic 
input and, consequently on a global scale, contamination 
of natural ecosystems by mercury is decreasing14.  
 Environmental studies on mercury-resistant microflora 
have focused especially on freshwater ecosystems. In 
contrast, attention to estuaries and adjacent coastal waters 
that are major repositories for natural and river-borne/ 
watershed-derived Hg species is scanty6,15. There is a 
need to increase our knowledge and understanding con-
cerning the biogeochemical cycling of Hg and the impact 
of anthropogenically related inputs in biologically pro-
ductive nearshore regions16. Further, in an open system 
like the ocean, mercury vapour released by resistant biota 
will become part of the local mercury cycle and re-pollute 
the environment, as has been reported in case of the Ama-
zon River basin17. Information on distribution of bacteria 
tolerating mercury from the offshore waters of the Bay of 
Bengal (BOB) is lacking. In our continued efforts on 
documenting the occurrence, distribution and tolerance of 
marine bacteria to this most toxic heavy metal, abundance 
and distribution of MRB along 88°E in the open Bay and 
along the east coast of India (81–85°E) were investigated 
during the summer monsoon (July–August 2001) period.  
 

 
 
Figure 1. Sampling locations (filled circles) in the Bay of Bengal for 
enumerating total platable and mercury-resistant bacterial populations.  
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Large influx of freshwater causing low surface salinities, 
generally weak winds and almost always warmer sea 
surface temparature (SST) characterize the northern BOB.  
 Various locations sampled for this study are shown in 
Figure 1. Sampling was carried out during the ORV Sagar 
Kanya cruise 166 during the 2001 summer monsoon (6 

July–2 August) period. In all, six stations along two 
transects (Figure 1) were sampled for bacterial abundance 
and MRB. 
 Water samples were collected from the upper 1000 m 
using a Seabird electronics CTD rosette sampling device 
fitted with 30 l Go Flo bottles that were used for estimating 
bacterial abundance and for performing various other che-
mical analyses. The rosette was allowed a 1 min stabiliza-
tion time before the bottles were closed to ensure sample 
collection from the desired depths.  
 Water samples were collected from depths of 1 m (sur-
face), and 10, 20, 40, 60, 80, 100, 120, 200, 300, 400, 
500, 600, 800 and 1000 m. Samples from different locations 
were plated onto sea water nutrient agar (SWNA with 
composition l–1: peptone [Difco] 5.0 g, yeast extract [Difco] 
3.0 g, agar [Difco] 15 g, aged sea water 500 ml; deionized 
water 500 ml; pH 7.5 ± 0.1) amended with 10 ppm Hg 
(≡ 50 µM; as HgCl2). For enumeration of MRB, 10–15 ml 
water sample was filtered through 0.22 µm filters depend-
ing on the sampling depth (higher volume of water was 
used for samples from greater depths as bacterial abun-
dance decreases with depth). Plates were incubated at on-
board temperature (21 ± 2°C) and final counts of colony 
forming units (CFUs) taken after 48 h. Total viable counts 
(TVC) from each sample were also enumerated by plating 
aliquots in triplicates on SWNA without added Hg.  
 MRB were present in almost all samples from coastal 
as well as oceanic waters. In terms of per cent of TVC, 
MRB occurrence below 100 m was significantly higher 
(r = 0.86; P < 0.001, df = 44). In case of the two coastal 
stations located off Orissa (19°N, 85°E; Stn. A), and 
Chennai (12°N, 82°E; Stn. C), the MRB percentage in-
creased with depth (Figure 2). The counts (cells ml–1) of 
MRB ranged from 3.25 to the highest 163.2, forming a 
maximum of 68% of the TVC at station 19°N, 85°E, whereas 
at 12°N, 82°E the MRB ranged from nil to 613.3 forming 
more than 92% of the TVC. Similar trend was found at 
the other coastal stations off at 15°N, 81°E (Stn. B), but 
the increase in MRB at this location was discernible until 
400 m since in contrast to the other two coastal stations, 
their percentage decreased below 400 m. Interestingly 
enough, the MRB never exceeded 50% at any depth at the 
station 15°N, 81°E, although they ranged from 0.4 to 
139.2 no ml–1 (Figure 2). Percentage of MRB increased 
with depth at all oceanic stations along 88°E (Figures 3 
and 4), though the bacterial abundance (general bacteria 
as well as MRB) was lower. The MRB maximum (54.4 
cells ml–1) and minimum (0.9 cells ml–1) at the southern-most 
oceanic station 9°N, 88°E (Stn. D) were among the least. 
The MRB at the northern-most oceanic station (20°N, 

88°E; Stn. F) ranged from 2 to 256 cells ml–1, forming 
more than 92% of CFU (Figure 3). The other oceanic sta-
tion at 15°N, 88°E (Stn. E) had a maximum MRB ranging 
from 17.86 to 294 cells ml–1 forming over 53% of the total 
CFU. In terms of their mean percentages, MRB contributed 
over 20% of TVC on the surface (1–10 m), 12% at 100 m 
(below mixed layer), 35% at 500 m and 49% at 1000 m 
(Figure 5). The TVC values are presented in Table 1.  
 Use of Hg for industrial and agricultural practices and 
ultimate disposal of effluents into marine zones continu-
ously increases the concentration of this heavy metal in 
the marine environment6,18,19, including the Indian Ocean 
region20. The abilities of native microflora to tolerate Hg, 
its various ionic and molecular forms are of greater inter-
est in microbial ecology. As prokaryotic metabolic pathways 
dealing with elemental mercury or its many inorganic 
salts generally lead to production of more toxic forms 
(e.g. methylmercury), consequences of enhanced atmos-
pheric Hg0 could bring about highly undesirable envi-
ronmental changes21.  
 India has replaced the US as the biggest consumer of 
mercury with imports having more than doubled between 
1996 and 2002 from 254 tonnes a year to 531 tonnes an-
nually22. Imports of organomercury compounds (pesti-
cides, biocides, etc.) have jumped 1500 times – from 0.7 to 
1312 tonnes – during the same period. It consumes 50% 
of the global production and processes 69% of it. While 
mapping the ‘mercury hotspots’ in the country, the Center 
for Science and Environment (CSE) found that coastal 
areas of Mumbai, Kolkata, Cochin, Karwar and Chennai 
were severely polluted, contaminating the fish stock22.  
 This increased concentration of Hg in marine regimes 
leads to a natural selection of microbial assemblages that 
become capable of high tolerance to Hg and thus abun-
dance of MRB in the coastal environs off India has be-
come alarmingly high6. Since the top layers of water and 
sediment are best aerated and have the highest concentra-
tion of easily degradable carbon sources, it is likely that 
the energy demanding reduction of mercury is the greatest 
in these regions, resulting in the lowest selection pres-
sure23, ensuing survival of Hg-sensitive bacterial popula-
tion. Photochemical reduction of mercury in the surface 
waters might also aid in this selection pressure, thus leading 
to comparatively lower fractions of MRB population in 
the surface waters of the BOB. High fractions of MRB in 
the BOB might signify that there is significant Hg con-
tamination in the Bay. This observation from the BOB 
suggests that the native prokaryote flora capable of deal-
ing with heavy metal toxicity is abundant enough and, in-
triguingly, its preponderance in the deeper zones (Figure 
4 a and b) calls for detailed investigations. One issue that 
needs to be addressed would be: are the extremophiles in 
general, versatile enough to deal with diverse types of ex-
treme conditions, including, pressure, temperature, salt 
and/or toxic metal tolerance? It is also likely, on the other 
hand, that higher percentages of natural flora in the deep 
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Figure 2. Vertical profiles of per cent mercury-resistant bacteria in coastal stations in the Bay of Bengal. Total viable counts are presented in  
Table 1. 
 
 
 

 
 
Figure 3. Vertical profiles of per cent mercury-resistant bacteria in oceanic stations in the Bay of Bengal. Total viable counts are presented in  
Table 1. 
 

 

    
 

Figure 4 a, b. Vertical profiles of per cent mercury-resistant bacteria in oceanic stations in the Bay of Bengal. 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 91, NO. 3, 10 AUGUST 2006 371

Table 1. Total viable counts (no. ml–1) from different locations in the Bay of Bengal sampled during July–August 2001 

 Oceanic station Coastal station 
 

Depth (m) 9°N 88°E 15°N 88°E 20°N 88°E Avg ± SD 19°N 85°E 15°N 81°E 12°N 82°E Avg ± SD 
 

1 260.00a 371.43 1265.71 632.38b ± 551.31c 154.29 8.57 22.86 61.90 ± 80.32 
10 204.29 94.29 205.71 168.10 ± 63.92 52.86 7.14 20.00 26.67 ± 23.58 
20 115.71 434.29 2262.86 937.62 ± 1158.69 1414.29 21.43 108.57 514.76 ± 780.23 
40 55.71 210.00 3682.86 1316.19 ± 2051.04 81.43 42.86 21.43 48.57 ± 30.41 
60 321.43 201.43 3245.71 1256.19 ± 1724.02 64.29 10.00 14.29 29.52 ± 30.18 
80 10477.14 128.57 3417.14 4674.29 ± 5287.58 1554.29 34.29 37.14 541.90 ± 876.75 
100 557.14 1091.43 118.57 589.05 ± 487.21 380.00 5148.57 730.00 2089.19 ± 2657.87 
120 56.00 142.40 40.60 79.76 ± 54.87 22.60 25.71 74.29 40.87 ± 28.98 
200 28.00 53.60 28.10 36.57 ± 14.75 40.00 21.43 28.57 30.00 ± 9.37 
300 15.20 120.00 26.80 54.00 ± 57.45 38.40 15.71 275.71 109.94 ± 144.01 
400 25.60 81.60 5.40 37.53 ± 39.48 18.60 11.43 10.00 13.34 ± 4.61 
500 27.60 50.40 10.70 29.57 ± 19.92 240.00 51.43 5.71 99.05 ± 124.19 
600 14.80 99.20 13.87 42.62 ± 49.00 NS 5.71 12.86 9.29 ± 5.05 
800 19.47 33.60 86.67 46.58 ± 35.43 NS 1382.86 108.57 745.71 ± 901.06 
1000 41.60 NS NS 41.60 ± 24.32 NS 3017.14 662.86 1840.00 ± 1664.73 

aTVC (no. ml–1; mean of triplicate values); bAverage TVC, cSD, NS, Not sampled. 
 

 

 
 
Figure 5. Relationship between mercury-resistant bacteria (ml–1) and 
total variable count (ml–1) at oceanic stations in the Bay of Bengal.  

 
 
waters might be adversely affected by the prevailing high 
concentration of heavy metals and experience undue 
physiological stress. 
 High correlation of MRB counts (r = 0.89, P < 0.001; 
Figure 5) with general plate counts in the oceanic waters 
is indicative of the certainty of Hg tolerance in open and 
deep regions of the Bay. Previous studies from the Euro-
pean and North American coasts have reported the occur-
rence of culturable heterotrophic bacteria capable of tolerating 
ca. 0.5 ppm (2.5 µM) Hg from locations affected by a vari-
ety of anthropogenic activities23–25. Ecological implications 
of a large fraction of natural bacteria possessing resistance 
to mercury even at 50 µM, as observed in this study, 
could mean higher rates of biotransformation of toxic 
heavy metals; their higher mobilization through the marine 
food web and increased levels of Hg0 in the atmosphere. 
Reyes et al.25 found 35–55% of bacteria from the marine 
environments to be resistant to mercury. Thus, large frac-
tions of culturable heterotrophic bacteria resistant to mer-

cury in aquatic ecosystems are attributable to their ability 
to transform this toxic element1,2,6,23,26. 
 Long-range atmospheric transport or transport through 
marine currents to over thousands of kilometres leads to 
contamination of pristine marine zones16,23. Though no 
measurements of Hg from the offshore are available, the 
high percentage of MRB all over the Bay as observed in 
this study, might suggest the distribution of Hg far and 
wide in the Bay.  
 
 

1. Rasmussen, L. D. and Sorensen, S. J., Effects of mercury con-
tamination on the culturable heterotrophic, functional and genetic 
diversity of the bacterial community in soil. FEMS Microbiol. 
Ecol., 2001, 36, 1–9.  

2. Müller, K. A., Westergaard, K. and Christensen, S., The effect of 
long-term mercury pollution on the soil microbial community. 
FEMS Microbiol. Ecol., 2001, 36, 11–19.  

3. Müller, A. K., Rasmussen, L. D. and Sorensen, S. J., Adaptation 
of the bacterial community to mercury contamination. FEMS 
Microbiol. Lett., 2001, 16, 49–53.  

4. Barkay, T., The mercury cycle. In Encyclopedia of Microbiology, 
Academic Press, San Diego, 2000, 2nd edn, pp. 171–181. 

5. Osborn, A. M., Bruce, K. D., Strike, P. and Ritchie, D. A., Poly-
merase chain reaction–restriction fragment length polymorphism 
analysis shows divergence among mer determinants from Gram-
negative soil bacteria indistinguishable by DNA–DNA hybridiza-
tion. Appl. Environ. Microbiol., 1993, 59, 4024–4030.  

6. Ramaiah, N. and De, J., Unusual rise in mercury-resistant bacteria 
in coastal environs. Microb. Ecol., 2003, 45, 444–454.  

7. Rawlins, B. G., Ferguson, A. J., Chilton, P. J., Arthurton, R. S., 
Rees, J. G. and Baldock, J. W., Review of agricultural pollution in 
the Caribbean with particular emphasis on small island developing 
states. Mar. Pollut. Bull., 1998, 36, 658–668.  

8. Knight, C., Kaiser, J., Lalor, G. C., Robotham, H. and Witter, J. 
V., Heavy metals in surface water and stream sediments in Jamaica. 
Environ. Geochem. Health, 1997, 19, 63–66.  

9. Moreira, J. C. and Piveta, F., Human and environmental contami-
nation by mercury from industrial use in Brazil. Water Air Soil 
Pollut., 1997, 97, 241–246.  



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 91, NO. 3, 10 AUGUST 2006 372

*For correspondence. (e-mail: geeta@iwst.res.in) 

10. Oliver, J. and Solano, B., Mercury in environmental samples from 
a water body contaminated by gold mining in Colombia, South 
America. Sci. Tol. Environ., 1998, 217, 83–89.  

11. Bastidas, C., Bone, D. and García, E. M., Sedimentation rates and 
metal content of sediments in a Venezuelan coral reef. Mar. Pol-
lut. Bull., 1999, 38, 16–24. 

12. Bastidas, C., Bone, D. and García, E. M., Metal content on the 
Reef Coral Porites asteroides: an evaluation of river influence and 
35 years of chronology. Mar. Pollut. Bull., 1999, 38, 899–907.  

13. Macalady, J. L., Mack, E. E., Nelson, D. C. and Scow, K. M., 
Sediment microbial community structure and mercury methylation 
in mercury-polluted Clear Lake, California. Appl. Environ. Micro-
biol., 2000, 66, 1479–1488.  

14. Slemr, F. et al., Worldwide trend of atmospheric mercury since 
1977. Geophys. Res. Lett., 2003, 30, 1516–1518. 

15. Garcia, E. M., Orta, M. and Suarez, P., Toxicity assays and bio-
concentration of mercury in bacteria selected from marine envi-
ronments. Bull. Environ. Contam. Toxicol., 1999, 62, 79–86.  

16. Fitzgerald, W. F., Vandal, G. M., Tolfhus, K. R., Lamborg, C. H. 
and Langer, C. S., Mercury emissions and cycling in the coastal 
zone. J. Environ. Sci., 2000, 12, 92–101.  

17. Lacerda, L. D. and Pfeiffer, W. C., Mercury from gold mining in 
Amazon environment – an overview. Quim. Nova, 1992, 55, 238–
294.  

18. Kaladharan, P., Pillai, V. K., Nandakumar, A. and Krishnakumar, 
P. K., Mercury in seawater along the west coast of India. Indian J. 
Mar. Sci., 1999, 28, 338–340.  

19. Ramaiah, N., Kenkre, V. D. and Verlekar, X. N., Marine environ-
mental pollution stress detection through direct viable counts of 
bacteria. Water Res., 2002, 36, 2383–2393. 

20. Sarin, R., In Proceedings of the Third Indo-Dutch Workshop on 
Aquatic Toxicology, Centre for Environmental Studies, Anna 
University, Chennai, 1991, pp. 1–29.  

21. Smith, T., Pitts, K., McGarvey, J. A. and Summers, A. O., Bacte-
rial oxidation of mercury metal vapor, Hg(0). Appl. Environ. 
Microbiol., 1998, 64, 1328–1332. 

22. http://in.rediff.com/money/2003/nov/04mercury.htm 
23. Rasmussen, L. D. and Sørensen, S. J., The effect of long-term expo-

sure of mercury in the bacterial community in marine sediment. 
Curr. Microbiol., 1998, 36, 291–297.  

24. Barkay, T., Gillman, M. and Turner, R. R., Effects of dissolved 
carbon and salinity on bioavailability of mercury. Appl. Environ. 
Microbiol., 1997, 63, 4267–4271.  

25. Reyes, N. S., Frischer, M. E. and Sobecky, P. A., Characterization 
of mercury resistance mechanisms in marine sediment microbial 
communities. FEMS Microbiol. Ecol., 1999, 30, 273–284. 

26. Barkay, T. and Olson, B. H., Phenotypic and genotypic adaptation 
of aerobic heterotrophic sediment bacterial communities to mercury 
stress. Appl. Environ. Microbiol., 1986, 52, 403–406.  

 
 
ACKNOWLEDGEMENTS. We thank the Director, NIO, Goa for facili-
ties and encouragement and the participants of SK-166 cruise. CSIR–
SRF grants to D.J. are acknowledged. We thank the anonymous re-
viewers for helpful suggestions. This is NIO contribution number 4157.  
 
 
Received 13 June 2005; revised accepted 28 March 2006 

 
 

Production of supernumerary plants 
from seed fragments in Garcinia 
gummi-gutta: evolutionary implications 
of mammalian frugivory 
 
Geeta Joshi1,*, A. N. Arun Kumar1,  
Balakrishna Gowda2 and Y. B. Srinivasa1 
1Institute of Wood Science and Technology, P.O. Malleswaram,  
Bangalore 560 003, India 
2Department of Forestry and Environmental Science,  
University of Agricultural Sciences, GKVK Campus,  
Bangalore 560 065, India 

 
Seeds of Garcinia gummi-gutta follow ‘garcinia-type’ of 
germination in which the primary root and shoot 
emerge from the opposite ends of the seed. The em-
bryo, which fills up the seed, is an elongated hypocotyl 
with vasculature connecting the two poles. In a series 
of experiments we observed that removal of primary 
root at different stages of development does not affect 
germination or seedling growth; any seed fragment 
that contains vasculature produces a root and shoot 
irrespective of its size and position with precise polar-
ity; and, a seed from which a seedling has germinated 
is capable of producing another seedling. We propose 
that the regenerative capacity of seed fragments could 
be a unique strategy for exploiting mammalian frugivory 
for seed dispersal. 
 
Keywords: Frugivory, Garcinia gummi-gutta, germina-
tion, root–shoot polarity, seed dispersal, seed fragments. 
 
INTENSE competition in the tropical evergreen forests has 
led to evolution of varied life-history strategies among 
different species. In what could probably be another inter-
esting strategy, we report that any fragment of a seed of 
Garcinia gummi-gutta, a tropical evergreen tree, can in-
dependently produce root and shoot provided it has some 
vascular tissue. We discuss the evolution of this feature 
as a unique way of exploiting mammalian frugivory for 
seed dispersal. 
 G. gummi-gutta (L.) Robson (family Guttiferae, also 
called Clusiaceae) is an evergreen tree of medium size. It 
grows on the humid slopes along the wet evergreen forests 
of the Western Ghats, India and Sri Lanka1 up to an alti-
tude of 1000 m amsl2. Trees reach approximately 18 m in 
height and 70 cm in diameter. Like other Garcinia species, 
G. gummi-gutta is dioecious3, but has a natural sex ratio4 
of 1 : 1. In India, population densities are highest in 
Uttara Kannada district, Karnataka, which is the northern 
part of the range of this species4. Fruit is the economically 
important part of the tree. The pulp of the fruit rind, also 
known as ‘kokum’, is used in curries as a souring condi-


