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1.l INTRODUCTION 
‘ 

Acid precipitation results principally from the emission, oxidation and 
long-range transport of sulphur and nitrogen oxides.' Oxidized sulphur compounds 
are emitted principally by the combustion of fossil fuels, whereas more than 
901 of the total global concentration of nitrogen oxides can be accounted for 
‘by natural sources (Glass, 1978). Strong mineral acids dominate acid 
precipitation. the most common being sulphuric acid, although nitric acid, 
hydrochloric acid, as well as weaker acids, may also be found in precipitation 
(Galloway, 35.51;, 1976). Freshwaters which are located in areas that are 
resistant to chemical weathering processes are particularly vulnerable to 
inputs of acid precipitation. As a consequence of this, many of the 
biological and chemical processes in these watersheds have been severely 
altered as a result of acid precipitation. 

The biological effects of acidification have been reported for nearly 
all trophic levels. and the changes that have occurred within the natural 
communities of freshwater organisms have been observed and documented 
Almer 53.51;, 1974; Scheider 5£_£l., 1975; Bendrey ggugl., 1976; Schofield 

g£_§l;, 1976; Lievestad 35H51., 1976). These studies indicated that acid 
precipitation has resulted in a general reduction in the species composition 
of the watershed. Other effects include an inhibition in primary production. 
and also the complete extinction of entire populations of freshwater fish. 
An increase in the organic matter content of some acidified lakes appears to be 
.the result of a decrease in microbial decomposition processes. Laboratory 
studies have confirmed that low pH can affect processes such as peptone 
decomposition. ammonia oxidation and oxygen consumption during the decomposition 
of leaf litter (Bick and brews, 1973), as well as lead to a complete shift 
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in the microbial population to one dominated by fungi (Hendrey gt_gl., 1976). 

The freshwater chemistry of many poorly buffered watersheds is also affected 

by acid precipitation. Studies conducted on both acidified and non-acidified 

lakes in Scandinavia and North America show that unaffected soft water lakes 

are predominantly Ca++FMg++FHCO3-waters, whereas acid lakes are'B+LCa++LMg++- 

S0“ - waters (hright and Gjessing, 1976). The sulphate supplied in acid 

precipitation has apparently replaced 8003- as the dominant anion in these 

waters. Acid lakes in Scandinavia and.North America have also been shown to 

contain high concentrations of aluminum and manganese compared to.the 

concentration of these elements in similar, less acidic waters (Dickson, 1975). 

The increased concentration of these metals in acidic lakes is due to the increased 

solubility and mobilization of these elements in both soils and sediments 

(Wright and Gjessing, 1976). Similarly, some acidic lakes are.known to contain 

high concentrations of heavy metals due to increased solubility and mobilization 

under acidic conditions (Henriksen and Wright. 1967; Hutchinson and Collins, 

1978). Heavy metals can also be deposited directly into lakes with precipitation, 

especially near ore-refining smelters (Stokes ££_£l., 1973). 

Some heavy metals and metalloids are subject to a process known as 

"methylation", which results in the formation of organo-metallic derivatives 

of the original element. The formation of toxic organo-metallic compounds 

increases the mobility of the metal and represents a potentially very serious 

environmental problem. The biological as well as chemical methylation of mercury 

to methyl mercury and dimethyl mercury and the cycling of mercury through the 

aquatic environment is well known (Jenson and Jernelbv. 1969; Sagerstrom and 

Jernelhv. 1971; Hood, 1976). Lead is also subject to methylation reactions 

forming various tetralkyl lead compounds including the toxic tetramethyl lead 
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ThenPb). Wong gtugl.n(l975) reported that HeuPb was produced when lake sediments 

‘ were amended with either inorganic or organic forms of lead. However, MekPb 

'fwas not detected consistently when the sediment was amended with various 

inorganic forms of lead. 'The metalloids arsenic and selenium are also 

known to be methylated by microorganisms in lake sediments (Wong g£_gl., 1977; 

Chanlg£_gl,, 1976) as well as by pure cultures of sewage and soil microorganisms 

(Challenger, 1945; McBride and Wolfe, 1971; Fleming and Alexander. 1972; 

Alexander, 1974) .
' 

This study was conducted to determine the effect of pH on the methylation 

of lead, selenium, mercury and arsenic. Other studies included the isolation 

of metal and multiple-metal-resistant_bacteria, and kinetic studies involving 

the mineralization of radioactively labelled glucose by several acidic 

lake sediments. 

2. HATERIALS AND METHODS 

2.1. 'Gharacteristics'of Lake Sediments used in the Study 

Sediment samples were obtained from two sampling sites in Ontario, both 

of which are affected by acid precipitation. The lakes which were sampled 

included Plastic Lake (latitude hS’ll‘; longitude 78°50') near Dorset, Ontario, 

and several lakes located approximately 50 miles north oi sault Ste. Marie, 

Ontario; These included Big_Turkey Lake (latitude 47°03'; longitude 84°25'),. 

. 

Little Turkey Lake (latitude 47°03'; longitude 84°25'), Upper Turkey Lake 

(latitude 47° 04'; longitude 85°.04'), and Lower Turkey Lake (latitude 47°03';
I 

longitude 84°24'). All sediment samples'were obtained in Hay.1980, except 

for a sample oi Plastic Lake which was collected in October 1979, and was 

used in the studies on metal methylation. Sediment samples were collected 
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using an Eckman Grab sampler, and the tOp 1 m of sediment was removed, transported 

and stored in the laboratory at 4°C. The ph of the sediment and overlying water 

were measured using a PHM62-pB meter (Radiometer Coenhagen, Denmark). The 

moisture content of each sediment was determined by oven drying replicate 

samples of each of the sediments at 60°C for 24 h. The total combustible 

organic matter content of each sediment was determined by ashing replicate 

samples of dry sediment in a muffle furnace at 600°C for 24 h. The numbers of 

viable aerobic heterotIOphic bacteria were determined by spread plating onto 

Nutrient Agar. The medium contained per litre of distilled water: nutrient 

broth 5g, glucose lg, yeast extract 1g, and agar 15g. Inoculated plates were 

incubated for 7 days at 20’C after which the numbers of viable cells were 

determined. 

2.2. Effect of pH on the Methylation of Lead, Selenium, Mercury and Arsenic 

in Plastic Lake Sediment 

’In order to determine the effect of pH on the methylation process, 50 g of 

sediment (wet weight) was added to replicate 250-mL Erlenmeyer filtration 

flasks, followed by the addition of 150 mL of nutrient broth. The composition 

of the nutrient broth consisted of 0.52 nutrient broth (Difco) and 0.12 

glucose. A series of flasks were prepared in this way, and subdivided into 

groups of five. The pH of each of the five flasks was adjusted with either 

acid or base so that initial pH values of 3.5, 4.5, 5.5, 6.5 and 7.5 were 

obtained. 

The pH of three of the five flasks was lowered to values of 3.5, 4.5 

and 5.5 by means of an acid, while the pH of the two remaining flasks in 

the groups were raised to 6.5 and 7.5 by the addition of sodium hydroxide. 

The acids used to lower the pH were sulphuric acid, nitric acid or hydrochloric 
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acid. Hethylation experiments were run using each of these acids in order to 

simulate the major anions found in precipitation. After the pH adjustment, 

.each sediment system was amended with various forms of lead; selenium, mercury 

or arsenic to a final concentration of 10 ug mL-l. Control flasks which 

contained no metal amendment were also included. The flask systems were 

sealed and incubated at 20°C for two weeks. The two week incubation was 

found to be adequate for the production of the various organo~metallic forms 

of the elements. After the two weeks had elapsed, the volatile and soluble 

organo—metallic compounds were determined using a modified gas chromatograph- 

atomic absorption spectrophotometer (GC-AAS). 

The formation of volatile tetramethyl lead (Men) was determined according 

to the methods of Wong its}, (1975) and Challis; fl. (1976). The presenCe 

of soluble trimethyl lead (tetravalent) in the culture medium was determined 

by extraction of 50 mL of the medium with 5 mL of iso-amyl alcohol for 30 min. 

After the extraction, a sample (2-20 uL) of the iso-amyl alcohol layer was 

injected into the CC-AAS. A 6 ft column packed with 52 macs — 5: NaCl on 

Chromosorb 60-80 mesh was used to separate the compound and lead was 

identified in the atomic absorption spectrophotometer using a lead-specific 

lamp. The presence of the volatile selenium compounds dimethyl aelenide, 

dimethyl diselenide and dimethyl selenone were determined by the method of 

Chan 55,21, (1975, 1976). The various methylated forms of arsenic were 

determined according to the procedures of wong 5£_5l. (1977). The presence-- 

of arsine and methylarsines in the headspace gases of the flasks was 

monitored, along with the formation of monomethyl- and dimethylarsenic compounds 

in the culture medium. Methyl mercury determinations were conducted 

according to the method of Chd; and Saitoh (1973). The presence of Volatile 

dimethyl mercury in the headspace gases of the flasks was monitored by 
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trapping the gases in the U-tube (Chan ££_gl., 1976). The U-tube was mounted 

to the GC-AAS interface and dimethyl mercury was separated on a 6 ft column 

packed with 101 OV-l on Chromosorb w, and confirmed in the atomic absorption 

spectrophotometer using a mercury hollow cathode lamp.
- 

The retention times of all samples were compared to those of authentic 

standards in order to identify the presence of the various organo-metallic 

compounds. 

The concentrations of Cl, Pb, As, Se and Hg in Plastic Lake sediment were 

determined by atomic absorption spectrophotometry and were performed by the 

Analytical Services Section, Inland Waters Directorate, water Quality Branch, 

Canada Centre for Inland Waters, Burlington, Ontario. 

2.3. Metal and Multiple-Metal Resistant Bacteria of Plastic Lake 

The total numbers of metal-resistant aerobic bacteria in the sediment of 

Plastic Lake were determined by spread plating 0.1 mL of a suitable dilution 

of the sediment onto metal-amended nutrient agar plates. The medium contained 

per litre of distilled water: nutrient broth (Difco) 5g, yeast extract (Difco) 

lg, glucose lg, agar n. Separate volumes of the agar were prepared and each 

was amended with one of several concentrations of the following metal-containing 

compounds: mercuric chloride, lead acetate, sodium selenite, and sodium arsenate. 

The concentrations employed ranged from 0-500 ugflmL expressed as the metal 

cation. The inoculated plates were incubated at 20°C for a maximum of 28 days, 

and the number of viable metal-resistant cells were counted. 
- 

In order to determine if the bacterial isolates resistant to the individual 

metals were also resistant to other metals, the replica-plating procedure of 

Inniss and Hayfield (1978) was employed. The isolates occurring on the highest 

concentration of each metal-amended plate were picked and streaked for purity.



Bacteria which were originally isolated on one of the metals 
were replica— 

plated onto agar plates containing one of the other three metals. 
This process 

was repeated so that each isolate was tested for its ability to 
grow on each 

of the four metals and concentrations: mercuric chloride (50.ug mL-l), lead 

scetate (500 ug mL-l), sodium selenite (500 ug mL.1) and sodium arsenate 

(500 ug mlrl). All concentrations are expressed as ug ml."1 of the metal 

cation. ‘All replica plates were incubated at 20°C and after a 
maximum of 28 days 

the colonies were counted. The percentage of original isolates capable of 

growing on each of the metals was determined. 

2.A. Kinetics of l"C-Glucose Mineralization by Acidic Lake Sediments 

In order to obtain information on the extent of microbial activity 
in 

acidic lake sediments and also to determine the ability of sediment 
microorganisms 

to degrade organic matter, the "heterotrophic activity method" was used. This 

method was developed by Parsons and Strickland (1962) and extended by Wright 

and Robbie (1965, 1966), Robbie and Crawford (1969) and Harrison 9; g. (1971). 

The sediment samples used in this study were from both the Plastic 
Lake and 

Turkey Lakes sites described in Section 2.1. The method used to determine 

the kinetics of uniformly labelled 1"C-glucose (specific activity 260 mCi/mmole) 

was similar to that detailed by Harrison g£_gl. (1971). Three replicate 25-m1 

Erlenmeyer flasks were used for each treatment in the study. one 
of which was 

a control. A 0.1 ml volume of 1"C-glucose was added to each of the flasks. 

Following this, unlabelled glucose was added in the following 
amounts to 

successive flasks: 0.05. 0.1, 0.5, 1.0 and 5.0 ug. iThe final volume in each 

flask was made up to 2.0 ml by the addition of distilled water or 
in the case of 

'the control flask 1N 8250“. The control flask was used to meisure non— 

_biologically mineraltzed glucose} and also background radioactivity. 
A 200omL 

sediment sample from each lake was allowed to equilibrate at 
20°C for 2 h prior
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to making the measurement. To ensure that each sample was uniform, it was 

stirred gently with a magnetic stirring bar. After the sediment sample had 
~ 

equilibrated, 4 mL of each sediment was added sequentially to each Erlenmeyer 

flask with careful recording of the time of addition.> Immediately after the 

addition of the sediment, each flask was sealed with a rubber serum cap which 

held'a plastic rod and cup assembly (Kontes Glass Company, Vineland, NJ). 

The cup assembly contained an accordian-folded piece of filter paper (Whatman #1, 

2.5 x 5.0 cm), which was suspended in the air space above the sediment 

sample.- To ensure that the system was air tight and would prevent any leakage 

of l“C—Coz,-each serum cap was sealed with a silicon rubber seal. -Mineralization 

was allowed to proceed for 10 min, after which the reaction was stopped by injecting 

1.0 m1. of 1N 3250., into the sediment system by means of a hypodermic syringe 

needle. The flasks were allowed to stand for 2 h with frequent agitation. 

The addition of the 3250“ lowered the pH of.the sample to approximately 

1.0-1.5. and therefore released all 1"c-coz. After 2 h had elapsed, 6.15 ml. 

of B-phenethylamine was injected onto the filter paper in each flask to trap 

all of the released 1"C-COZ. -The flasks were left for an additional 1 h, 

after which they were Opened, the filter papers removed, and immediately placed 

in scintillation vials containing 10 mL of PCS liquid scintillation cocktail 

(Amersham-Searle Limited). The radioactivity in each of the vials was 

measured using a Beckman liquid scintillation counter (Model LS-lOO). Samples 

and controls were corrected for quenching using the channels ratio method. 

Prior to conducting the experiment the 1“c-c02 trapping efficiency of the 

B—phenethylamine was measured by the generation of a known amount of 

1"(E-(:02 from Nah 1“CO3 by treatment with In 8250“. The trappihg efficiency 

was calculated at 100%. _

'L



3. masons 

~ 3.1. Characteristics of Lake Sediments used in the Study 

Table 1 represents some of the characteristics of the lake_sediments used 

in this study. The pH measurements indicate that all of the'lake sediments 

were slightly acidic, and with the exception of Plastic Lake, the pH of all 

of the'sediments was lower than that of the overlying water. The sediments of 

Little Turkey Lake all had the lower pH, measured at 5.8. These lake sediments 

were also found to have the highest organic matter content of the five lakes 

studied. All lake sediments had 2 moisture contents of between 88-952, and 

this is in a range which is common for the uppermost layer of the sediment. 

Below the top layer of sediment, the Z moisture content decreases with increases 

in sediment depth. Bacterial analysis of the sediments revealed that the 

numbers of viable cells were not as low as expected. In fact the numbers of 

bacteria g"l sediment dry weight were in the order of 106 to 107, which is 

within a range common to many non-acidic oligotrophic lakes. 

3.2. Effect of pH on the Hethylation of Lead, Selenium, Mercury, and Arsenic 

in Plastic Lake Sediment 

Lead 
Figures 1-3 represent the effect of pH on the methylation of the added 

lead (II) compounds: lead nitrate, lead acetate and lead chloride, respectively. 

From the results, it was apparent that Men production was dependent on the 
compounds added, the pH. and also the acids used to adjust the pH. Tetramethyl 

lead production was the highest when lead nitrate was added to the sediment 

followed by lead acetate and lead chloride. Tetramethyl lead production was 

also favoured by low pH in the range of 3.5-5.5, and decreased with increasing 

pH (6.5—7.5). In all cases, the addition of sulphuric acid reduced the 
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measured levels of HeuPb, while both nitric acid and hydrochloric acid 

favoured MeuPb production. Thus it was apparent that the anion, as well as 

the hydrogen ion concentration, had a pronounced effect on HeuPb formation. 

-ln most cases, slightly higher levels of HeuPb were recovered when hydrochloric 

acid was used to make the pH adjustment, as compared to either sulphuric acid 

or nitric acid. The recovery of lead as HeuPb varied with respect to the pH, 

union and the added lead (II) compounds but, in all cases, it represented 

<0.0022 of the total lead added. Thus, it was apparent that although Men was 
consistently detected using each of the three acids, the amounts produced 

were very small in comparison to the total lead added. Figure 4 represents 

the effect of pH on the methylation of trimethyl lead acetate which is an 

organic form of lead (IV). The pattern and also the quantities of MeuPb produced 

were different than those observed for the three lead (11) compounds. In this 

case, MeHPb production was not enhanced at low pH, but rather increased as the 

pH was increased. The quantities of Men generated were similar when both 
hydrochloric acid and sulphuric acid were used to adjust the pH of the sediment. 

However, when nitric acid was used, the levels of Men were higher. In this 

case, sulphuric acid did not appear to have an inhibitory effect on Met generation. 
The levels of MeuPb produced were considerably higher than those observed when 

the sediment was amended with the lead (II) compounds. Amendment of the 

sediment with trimethyl lead acetate resulted in approximately 0.002-0.032 

of the total lead added being recovered as Met. Although the amounts of 

MeHPb generated were much higher when trimethyl lead acetate was used, the 

overall conversion of the total added lead to Men was very low. Extraction 

of the culture fluid for the presence of trimethyl lead was carried out after 

the headspace analysis for Men. Trimethyl lead was detected only once 

at pH 3.5 when the sediment was amended with lead acetate in the presence
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Table 1. Characteristics of Plastic Lake and Turkey Lakes sediment 

Luke Ell z moisture Organic matter Number of Bacteria 
Sediment Hater content of content‘1 g-l sediment dry 

sedimentsa ‘ 

(mg 3-1 sediment weight at 20°C8 
dry weight) 

Plastic Lake 6.3 6.2 90.8 383.2 3.7 x 106 

Big turkey Lake 6.2 6.8 88.6 319.7 1.0 x 107 

Little turkey Lake 5.8 6.0 94.6 636.9 9.1 x 106 

Upper turkey Lake 5.8 6.5 93.1 1182.8 6.1 x 107 

Lower turkey Lake 5.8 6.!» 95.3 670.3 1.1 x 106

a mean of 3 replicates
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of sulphuric acid. In this case, 8.2 ug of trimethyl lead was detected in the 

culture medium and this represented 0.52 of the total lead added as lead 

acetate. No HeuPb was detected in the headspace gases however. Trimethyl 

lead was not detected in any of the other experiments when the systems were 

amended with lead (II) compounds. When the sediment was amended with 

‘trimethyl lead acetate, an inverse relationship existed between pH and the 

measured levels of trimethyl lead, and MenPb. An example of this relationship is 

presented in Figure 5. Although the amounts of each compound varied between 

the different acids used to adjust the pH, the same relationships always 

existed. The total amount of recovered lead in Figure 5 at pH 3.5 and 7.5 

represented approximately 53 and 332 of the total lead added as trimethyl lead 

acetate, respectively.
a 

Analysis of the control flasks which contained no lead amendment, revealed 

that very low levels (<2ng) of MeuPb were produced. There appeared to be no 

relationship between the levels of Het detected and the Quantity of lead 
originally in the sediment (<50 ug g.1 sediment). However, there was a 

relationship between HeuPb formation, pH, and the anion portion of the acid. 

Tetramethyl lead production was reduced (<0;30 ng) or absent in control 

sediments treated with sulphuric acid. Using either nitric acid or hydro- 

chloric acid resulted in higher levels of MeuPb being detected in control 

flasks in the pH range of 3.5-5.5. 

Selenium 

Figures 6-8 represent the effects of pH on the methylation of the 

added selenium compound sodium selenite and sodium selenate. in all cases 

the volatile methylated forms of selenium were identified as dimethyl selenide. 

dimethyl diselenide, and a previously unknown compound which was recently
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‘identified as dimethyl selenone or methyl methylselenite (Reamer and Zoller, 

~1986). 
. 

The effect of pH on the methylation of selenium was markedly different 

than that observed for lead. There did not appear to be any distinct pattern 

with respect to pH, however, the significant feature of these studies was that 

the methylation of selenium occurred over a wide range of pH values. At pH 

3.5 with all three acids, the quantity of methylated products was generally 

very low, and in the case of added sodium selenate no methylated products 
were 

ever detected. If present at all, they were below the 0.1 mg detection limit 

of the GC-AAS system (Chagzgt‘gl., 1975). An exception to this was 

observed (Figure B) where at pH 3.5 in the presence of BCl, a large quantity 

of dimethyl selenide was produced. This was also found when the sediment 

system was amended with selenous acid at the same pH. The significance or 

reproducibility of this occurrence is not known at the present time. Several 

peaks in the levels of the methylated selenium compounds at pH values of 

5.5, 6.5 and 7.5, illustrates the irregularity with respect to the methylation 

of selenium. No water soluble methylated selenium compounds have as yet 

been identified, and therefore the culture medium was not analyzed in these 

experiments. The levels of the volatile methylated products of selenium 

were generally much higher compared to the recovered levels of lead discussed 

previously. Percentage recoveries of selenium as methyl selenium compounds 

were in a range of 0-0.022 of the total selenium added as either sodium 

selenate or sodium selenite. No correlation was observed between the levels 

of methylated products and the pH, when either sodium selenate or sodium 
selenite 

served as the extraneous source of selenium. 

Low levels of volatile selenium compounds were detected in the control 

sediments which did not contain any added selenium campounds. There did not 
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appear to be any pattern or relationship between pH and the levels of 

_methylated selenium compounds. The volatile selenium compounds detected in the 

controls were not related to the background concentration of selenium already 

in the sediment (O.k2 ug Se g-1 sediment). 

Hercugy 
I 

hTable 2 shows the effect of pH on the methylation of added inorganic 

mercuric chloride. Analysis of the headspace gases of all flasks failed to 

reveal the presence of dimethyl mercury, even in the presence of sulphuric acid 

and added organic methyl mercuric chloride. Extraction of the culture fluid 

amended with inorganic mercuric chloride showed that small quantities of 

methyl mercury were produced regardless of the acids used to adjust the pH. 

Methyl mercury formation appeared to be quite sensitive and dependent on pH, 

and it was only detected in the pH interval of 5.5-6.5. Above and below 

these limits no methyl mercury was detected. Methyl mercury levels were the 

lowest when sulphuric acid was used, and in fact, in one experiment no methyl 

mercury was even detected. Slightly higher levels of methyl mercury were 

detected when either nitric acid or hydrochloric acid were used. Total mercury 

recoverd as methyl mercury ranged from 0-0.062 of the total added mercury. 

No methyl mercury or dimethyl mercury was detected in control flasks to which 

n: mercury was added. Background levels of mercury orginally present in the 

sediment amounted to 0.01 ug total Hg 
Hg.l sediment. 

‘ Arsenic 

.Tables 3 and 4 represent the effects of pH on the methylation of sodium 

arsenite and sodium arsenate, respectively. The headspace gas samples of 

each flask were analyzed for the presence of the volatile methyl derivatives by 

trapping in liquid nitrogen. These compounds included araine and also mono-. 

di- and trimethyl arsines. In most experiments no volatile arsines were



Effect of pH on the methylation of mercuric chloride Table 2. 

Acid pH Methylation Productsa 

Dimethyl mercury Methyl mercury- 
(headspace analysis) (us in 150 mL 

culture medium) 

"250.." 3.5 J: -° 

6.5 — - 

5.5 " 

705 - - 

3-5 - 
6.5 - - 
505 '

- 
6.5 - 
7-5 " - 

5.5 - - 
5.5 - 0.667 
6.5 - 0.876 
705 " - 

. .mean of two replicates 
b no methyl mercury was detected in one experiment using H250“

C below ' long detection limit
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Table 3. Effect of pH on the methylation of sodium arsenite 

Acid p“ Hethylntion Premium8 
("g in .150 ml. culture 
medium) 

Honomethyl Arsenic Dimethyl Arsenic
, 

Acid Acid 

sOy 3.5 0.68 9.1.3 
6.5 4.2!: (0.80 
5.5 6.27 5.18 
6.5 6.87 5.0!: 
7.5 1.47 5.90 

“N03 3.5 - 
6.5 0.60 1.69 
5.5 3.51 10.36 
6.5 1.70 2.18 
7.5 1.15 2.9:. 

1101 3.5 0.50 0.32' 
6.5 5.50 5.78 
5.5 6.75 9.20 
6.5 1.62 2.67 
7.5 1.15 2.96 

mean of two replicates



Table 5. Effect of pH on the methylation of sodium arsenate 

Acid pll ‘Hcthyrlation Productsa 
,(ug in 150 mL culture 
medium)- 

Hono'lnethyl Arsenic Dimethyl Arsenic 
Acid Acid 

(0.5 10.05 3.68 
5.5 12.76 9.66 
6.5 5.78 6.71 
7.5 8.08 7.60 

“N03 3.5 - - 
(0.5 0.29 1.97 
5.5 2.16 3.25 
6.5 1.58 2.85 
7.5 1.67 3.81 

an 3.5 0.43 1.89 
(0.5 3.77 6.00 
5.5 0.62 3.56 
6.5 1.96 3.32 

-'-' 7.5 1.36 5.10

a mean of two replicates
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detected. 

lThey were detected in a couple of cases, but in very low quantities which 

were not related to the_pB or the anion in the acid. The analysis for arsenic 

using the GC-AAS system is sensitive to a concentration of 0.1.ng of arsenic, 

and,-therefore, if volatile arsines were present at all, the quantities must have 

been less than 6.1 ng. The addition of either sodium arsenate or sodium 

arsenite_to the culture medium did result in the formation of soluble mono- 

methyl-arsenic acid and dimethyl arsenic acid. These compounds were identified 

following conversion to the corresponding methyl arsines with the reducing 

agent sodium borohydride (NaBHu)(Wong'g£_£l.. 1977). Both monomethyl arsenic 

acid and dimethyl arsenic acid were detected in the presence of either sodium 

arsenate or sodium arsenite. There did not not appear to be any relationship 

between either arsenic addition, or the quantity of methylated arsenic compounds 

formed. There did appear to be some effect due to pH however; as larger amounts 

of both monomethyl and dimethyl arsenic acids were produted at pH 5.5 and 

below. No relationship existed between the quantities of either monomethyl arsenic 

acid or dimethyl arsenic acid when sulphuric acid was used to adjust the 

sediment pH.I On the other hand, the levels of monomethyl arsenic acid were 

always lower (regardless of the pH) than the levels of dimethyl arsenic acid 

when both nitric acid and hydrochloric acid were used to adjust.the sediment 

pH. No‘methylation products were detected.at pH 3.5 using nitric acid, but the 

significance of this observation is not known at present. No trimethyl arsine 

oxide was ever detected, although it is a stable intermediate in the successive 

methilation of arsenic compounds. The percentage of arsenic recovered as 

monomethyl arsenic acid and dimethyl arsenic acid in the experiments ranged 

from 0-0.8! of the total arsenic added as sodium arsenate or sodium arsenite. 

....~-I_-——__-'v- I...-u -..——... _—-.-- .--‘ - ..--......- .. - _. .



15 

Control flasks which contained no arsenic amendment did contain small quantities 

'of Both monomethyl‘lrsenic acid and dimethyl arsenic acid. The_concentrations 

'of these compounds did not appear to be related to the concentration of arsenic 

originally in the sediment (3.6 ug total As 3.1 sediment). 

3.3. Metal and~Hultiple-Hetal Resistant Bacteria of Plastic Laket 

The numbers of metal resistant bacteria isolated from the sediment of 

Plastic Lake are presented in Table 5. 'These results show that a substantial 

number of metal resistant bacteria are present in the sediment. The isolates 

varied in sensitivity to the metal amendments, with merCury being the most 

toxic, followed by selenium. lead and arsenic. The numbers of lead-resistant 

bacteria were higher than those for selenium up to a concentration_of 500 ug 

mL-1 of lead, where the metal became more inhibitory to cell growth than 

selenium. Isolates which developed on plates amended with various concentrations 

of selenium (as sodium selenite) were found to be bright red in colOur. This 

‘was due to the reduction of selenite to elemental selenium, and probably 

contributed to the greater toxicity of selenium over lead. The numbers of arsenic— 

tolerant bacteria were the highest recorded, and decreased very little from the 

control (0 ug mL-l) even at an arsenic concentration of 500 ug mL-IZ Mercury 

was the most toxic of the four metals tested and completely inhibited cell growth 

at a concentration of 100 ug mL-l. At a concentration of 50 ng ml—l, mercury 

reduced all counts approximately 6-fold from those of the control. 

heplica-plating procedures were employed to determine if the isolates 

resistant to the individual metals were also resistant to multiple-metals. 

Isolates were picked from the original isolation plates and replicated onto 

nutrient agar plates amended with each of the other three metals. This process 

was repeated until all of the original metal isolates were screened for their 

,w .-._. ._..- _‘._ .. ‘—. .u '_ .5. I. _ ~ .. ._-.,..‘_
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Table 5. 

Metal

o 

“a 1.9x106 

Pb 1.9x106 

As 1.9x106 

Se 1.9x106 

Numbers of metal resistant bacteria from Plastic Lake sediment 

Concentration of metal8 and number of 
bacteria g-1 

1.0 

1.5x106 

1.1x106 

1.5x106 

1.2x10G 

10.0 

1.2x106 

1.3x1o6 

1.1mm6 

1.0x106 

25.0 

6.0x105 ' 

expressed as us meta1.cation 3-1 sediment dry weight 

sediment dry weight 

50.0 

3.9x10“ 

1.2x1o6 

9.7x105 

5.0x105 

100.0 

9.5x105 

1.2x106 

1.8x105 

500.0 

1.Ax10“ 

6.83105 

2.1x10"
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ability to grow on multiple-metals.. The results of this experiment are 

presented in Table 6. All isolates originally obtained from growth on one 

metal were also capable of growth on each of the other three metals. 

'However,ythe ability to grow on each metal varied with respect to the metal 

from which the isolate was originally obtained. Resistance to one metal did not 

nacessarily confer the same degree of resistance to the other metals. It 

appeared that the bacteria originally isolated on selenium were the most 

tolerant to both lead and arsenic at concentrations of 500 ug mL-l. The 

reverse situation was also true, although the percentage of isolates capable 

of growth was not as high. Mercury was the most toxic to organisms originally 

isolated from lead, selenium and arsenic, while arsenic appeared to be 

least toxic to bacteria originally isolated on lead, selenium and mercury. 

3.4. Kinetics of 1"(I-Glucose Mineralization by Acidic Lake Sediments 

This study was conducted to determine the heterotrophic activity of 

sediment microorganisms from several acidic Ontario lakes. The uniformly 

labelled radioactive substrate glucose was used in these studies and this 

gave an indication of the capacity of the microorganism for degrading organic 

matter. The use of uniformly labelled substrate allowed several parameters 

of mineralization by natural microbial populations to be calCulated. Uptake 
' 

of the solute is proportionate to total uptake, and total uptake usually follows 

Michaelis-Menton kinetics when measured over a range of substrate concentrations. 

. Therefore, the adapted Lineweaver—Burke equation derived by “right and Robbie 

(1965) was employed in this study to give the mineralization turnover time 

and maximal velocity. The equation'is: 

»-v-.-..".. .r r.-._.'_. .F. .‘-._.. ..— 
. 3.-.. .._......-.....A.-._ .._. .. .‘. ... .. .-...‘ ..'._._ -..._ .-.. ....



.n-bhf-n-g‘.:u.l-nn_pu~ 

.- 

Table 6. Multiple-metal tesirtance of Plastic Lake Bacteria 

Metal and 2 of isolates capable of forming 
concentrations a visible colony at 20°C on each 
of metal isolates of the follgwing metals and con- 
originally obtained centrations 
from (20°C) 

Pb _ Se _ Hg - As _ 
I 

(500 ug m1 1) (500 ug ml 1) (50 mg ml I) (500 ug m1 1) 

Pb (500 ug m1") 100 . 3!. 
' 20 59 

Se (500 113 m1”) at. 100 27 
. 

92 

a; (50 ug m1“) _ 
21 (.1 100 72 

As (500 113 ml”) 53 35 35 100 

expressed as us ml-1 of metal cation
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There t is incubation time (in hours) f is the fraction of substrate mineralized, 

x is an uptake constant, Vmax is the maximum velocity of mineralization 

(when transport is at maximum velocity), 5 is the natural concentration of_ 

substrate (unknown), and A is the concentration of natural substrate. In 

these studies, mineralization was measured at various concentrations of A, 

each of which generated a different value for 5, When £_was plotted against 

A, a straight line resulted. The point at whiih the lifie intersected the 

Y-axis gave a value for the turnover time (Tn), and the inverse of the slope 

of the line gave a value for Vmax. The kinetic plots for glucose mineralization 

are presented in Figure 9. For all sediments a linear relationship existed 

between'% and A. The plots represent linear regions calculated from the 

original data points. The following coefficients of determination were 

obtained from the regression analysis: Plastic Lake (r2 - 0.839), Big 

Turkey Lake (r2 - 0.990), Little Turkey Lake (r2'- 0.985), Lower Turkey Lake 

(r2 - 0.737), Upper Turkey Lake (r2 - 0.903). From Figure 9 the kinetic 

parameters Vmax and turnover times were calculated, and these values appear 

in Table 7. The turnover times for mineralization at natural substrate 

concentrations varied with respect to each lake sediment. PlaStic Lake had 

the longest turnover time of 12.70‘h, while Lower Turkey Lake had the shortest 

at 4.90 h. The shorter the turnover time, the less likelihood there is for a 

substrate such as glucose to accumulate in the sediment. Comparisons of 

V5.3 values showed that the microorganisms in each lake sediment also varied 

with respect to the rate of mineralization. Big Turkey Lake and Plastic Lake 

had the lowest Vnax values of all of the lake sediments tested.'10f the 

r,_-.-. .._ —._..-. . - m... .. .- -.--. .,.,_._ . _.,
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Table 7. Viable cell counts and kinetics of MC-glucose mineralization in acidic lake sediments 

Lake pH V n Turnover Viable V [viable cé11d mux c max -. Time cells/g 
(hours) 

Plastic Lake 6.3 0.52 12.78 3.7 x 105 
' 

1.1.1 at 10'7 

Big Turkey Lake 6.2 0.1.5 6.55 1.0 x 107 4.50 x 10'8 

Little Turkey Lake 5.8 1.59 6.15 9.1 x 106 1.75 x 10" 
Upper Turkey Lake 5.8 1.79 9.28' 0.1 x 107 6.20 x 10’9 

Lower Turkey Lake 5.8 8.26 0.90 1.1 x 106 7.51 x 10‘6

8 ug of glucose minerslized/g sediment dry weight/h 
(I

. 

viable cells Is sediment dry weight 

ug of glucose mineralized/bacterial cell/h
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Turkey Lakes studied. Lower Turkey Lake had the highest Vhax value of 8.26, 

which is 18.36 times higher than the Vmax value for Big Turkey Lake. The 

higher the Vmax value the greater the capacity or potential for glucose 

mineralization.' Therefore, of the lakes tested, Lower Turkey Lake had the 

highest potential for glucose mineralization. The Vmax values were not related 

to either pH or the number of viable cells of sediment dry weight. In these 

studies, glucose mineralization was dependent on the activity and not 

necessarily on the number of microorganisms present in the sediment. This is 

shown by the fact that the Vmax [viable cell comparison for Plastic Lake 

gave a value of 1.41 x l0’7 which is higher than the value for Upper Turkey 

Lake (4.20 x 10.8) even though this lake had an overall higher Vmax value 

per total number of viable cells. Therefore, the potential for'glucose 

mineralization per cell of Plastic Lake sediment was greater than the 

corresponding value for the Upper Turkey Lake sediment. It is apparent 

that most of the acidic lake sediments in these studies had low Vmax values, 

and relatively large turnover times, and therefore, low capacities for 

mineralizing glucose. 

4. DISCUSSION 

Surface waters, soils, vegetation, volcanic activity and forest fires are 

among the most important sources of metals in the.atmosphere. In aquatic 

systems, metals originate largely due to bedrock erosion, surface run-off. 

' groundwater influx, and atmospheric deposition (Beijer and Jernelfiv, 1979). 

A large portion of the metal load emitted into the environment eventually 

reaches lakes and the coastal zones of oceans by river transport. Metals 

in the aquatic environment may exist in either dissolved or particulate form.
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[In the dissolved state metals may be (a) free hydrated ions, (b) complexed and 

.chelated ions with inorganic ligands including OH., C032-, Cl. or organic 

ligands such as amines, proteins, and humic and fulvic acids, and (c) 

organic molecules. Metals in particulate form may be (a) colloidal complexes 

'or aggregates} (b) adsorbed on various particles,.(c) precipitated, (d) 

incorporated in organic material (microorganisms + plankton), or ke) bound to 

the structural lattice of crystalline materials (e.g. clays and minerals) 

(Beijer and Jernelbv, 1979). Many environmental variables control the 

physical and chemical forms of metals in the aquatic environment. Some of the 

most important of these factors are the pH, Eh, salinity, alkalinity and 

hardness, organic and particulate matter, biological activity, and also the 

intrinsic properties of the metal itself. Metal transformations can be 

induced by changes in the variables, for example the release of heavy metals 

from complexes and particulate matter occurs as a result of decreased pH 

(Beijer and Jernelbv), 1979). It is well known that many lakes affected by 

acid precipitation contain high concentrations of heavy metals (Henriksen and 

Wright, 1978; Hutchinson and_Collins, 197B; Stokes gt al., 1973). This occurs 

due to the increased solubility and mobilization of heavy metals under 

acidic conditions, and also as a result of direct deposition via precipittiton 

or fallout. 
V

‘ 

Microorganisms respond to heavy metals in many different ways. Certain 

abundant metals such as iron, magnesium and manganese are essential as trace 

elements. Metals may also be toxic to microorganisms and in fact, all 

elemmnts can be toxic at high enough concentrations. Metals such as silver, 

mercury, tin and copper are generally very toxic to microorganisms and also 

at very low levels (Bowen, 1966). Organisms, especially bacteria, have the 

capacity of tolerating initially toxic concentrations of heavy metal ions. 

- ....-- __—-. s..:.————’-.— ~w—.——* -. .-



20 

prganisms that are resistant or tolerant to one metal may also be tolerant to 

one or more metals, and this is termed "multiple-metal resistance" (Novick and 

Roth, 1968; Smith, 1967). The toxic action of heavy metals may be the result 

of binding with enzymes having functional sulfhydryl groups, or an affinity for 

biological ligands such as phosphates, purines, pyrimidines and nucleic acids 

(haven, 1966). Other effects may involve the metal acting as an antimetabolite, 

catalyst, or chelating agent, and also the replacement of structurally important 

cell components by the metal (Hewitt and Nicholas, 1963; Hughes, 1975). 

Microorganisms may also mediate reactions leading to changes in metal redox state 

and also to the formation of toxic_orgeao-metallic compounds that are simple 

methylated forms of the original metal or metalloid. Methylation reactions 

have been shown to occur for various elements, among these being lead (Wong gt 

al,, 1975; Schmidt and Huber, 1976), arsenic (Challenger, 1945; Cox and 

Alexander, 1973; Ferguson and Gavis, 1972; Wong gg'gl., 1977),.selenium (Chan 

gtflgl., 1976), and mercury (Jenson and Jernelfiv, 1969). Metals may be subject 

to both biological as vell as chemical methylation reactions, for example, 

transmethylation. - 

In view of the fact that acidic lakes contain high concentrations of heavy 

metals, and aquatic microorganisms are capable of methylating many of these 

elements, a major portion of this study was devoted to studying the effect of 

pH on the methylation of lead, selenium, mercury and arsenic. ‘Ihe methylation 

studies were conducted on Plastic Lake sediment in the presence of three a 

acids, namely, sulphuric, nitric and hydrochloric; in an attempt to 

simulate the anions found in acidic precipitation. The results of the study 

indicated that generally, low pH favoured the methylation of all of the elements, 
'2' 

in that greater quantities of the methylated products were detected at pH 

--.—-..--—.—.._.a.—._———_ 
_ 
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values of 5.5 or less. This suggests that the methylation processes may be 
' 

occurring in acidic lakes. Various effects were observed for each of the 

'compounds studied, and will be dealt with separately. 

221
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a .' “bod (l974) predicted that the methylation of lead could not occur in an 

soueous system because of the extreme instability of the alkyl lead intermediates. 

One year later, Wong gguglL-(l975) presented evidence that under laboratory 

‘ conditions microorganisms in lake sediments were able'to transform certain 

inorganic and organic forms of lead into toxic HeuPb; .Species of Pseudomonas, 

Alcaligenes, Acinetobscter. flavobacterium and Aeromonas were also capable 

of converting trimethyl lead acetate to Men, under different temperatures_ 
and pH. Other investigations have shown that HeuPb was produced from trimethyl 

- 

lead acetate, possibly through the formation of a lead—sulphide complex, 

followed by decomposition to HenPb (Jarvie ££_gl., 1975). Schmidt and Huber 

(1976) showed that trimethyl lead acetate as well as lead acetate could be 

methylated to MeuPb. The mechanism(s) of methylation of lead in these studies 

remain unknown at present. 

Reports have indicated that the methylation of lead (II) compounds to 

MenPb did not occur (Jarvie gtflgl.,_l975), or at best, it was sporadic 

(Wong 3-5., 1975; Schmidt and Huber, 1976; Dumas 555;” 1977). These 

studies seen to indicate that the methylation of lead may require specific 

conditions such as pH, temperature, and microbial activity.' The results of 

this study have shown that lead methylation is highly dependent on pH, the 

form of lead, and also the type of anion and its concentration.(sdg-, N03. or 

Cl'). Hethylation of lead (11) compounds was (for the first time) observed 

consistently in these studies.- The methylation was enhanced at low pH and 

.- -— -—- —-—. ~---—.-~-——.-— “ ~—.-_. .. . . . v .w . 
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Edecreased with increases in pH. The effect was most pronounced when both 

'noa.‘and Cl- were the dominant anions, but suppressed when SQQ- was the 

dominant anion.' The lead (11) compound hlso'influenced the quantity of Heath 

produced, with the greatest quantities being observed when'the system was 

amended with-lead nitrate, followed by lead acetate and lead chloride. The 

suppression of'HeuPb production when SO“- was the dominant anion hay have 

been due to the formation of PbSOg or PBS, both of which are insoluble compounds 

below pH 6 (Lindsay, 1979); Conversely;'the nitrate and chloride salts of 

lead would be much more soluble. Although the levels of HenPb produced were 

enhanced at law p3, they represented only 0.0022 of the total lead added. Thus. 

it may be that HeuPb is not an integral part of a microbial metabolic pathway, 

but simply a by-product of some cellular reaction. The production of Men 
from trimethyl lead acetate, followed a different pattern than was observed 

for the previous three lead (11) compounds. Tetramethyl lead formation was not 

enhanced at low pH, but rather increased with increasing pH. This was true
I 

for all three of the acids used to adjust the sediment pH. The levels of. 

Hen produced from trimethyl lead acetate were slightly higher when nitric 
acid was used to adjust the sediment pH. ‘In this case, sulphuric acid did 

not suppress MeuPb formation. The reason for the different pattern of Met 
production with this compound is due to the fact that it is subject to chemical 

as well as biological methylation reactions (Wong 55 al,. 1975; Jarvielgt al., 

1975). Chemical methylation proceeds via a well known redistribution reaction or 

chemical disproportionation reaction (Wong gt'gl., 1975; Dumas £5_§l., 1977). 

which is formed by increasing pH kWong ££_£l., unpublished data). The 
I 

methylation of lead (11) compounds is regarded as being a purely biological 

process, This is supported by the fact-that no flegfb was detected in sterile 

..-- -. .......-._.-...r...m-- .——...... _-.. ._'. __.__ ,"___________ _ 
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sediments amended with lead (II) compounds (Wong g£_gl,, 1975). Trimethyl lead 

was detected only once when the sediment systems were amended with lead (II) 

compounds. The reason for the absence of this compound, even though it is an 

intermediate in MenPb formation, is probably due to its extreme instability 

and rapid conversion to Heq. 

Selenium 

The methylation of selenium compounds and the formation of volatile 

dimethyl selenide and dimethyl diselenide has been acknowledged for decades 

(Challenger, 1935). These volatile forms of selenium have been produced through 

methylation reactions mediated by fungi, bacteria, rats, and higher plants 

(Challenger, 1951). Very little is known about the methylation of selenium in 

aquatic systems, although Chan gtigl,, (1976) observed the production of 

dimethyl selenide, dimethyl diselenide, and dimethyl selenone from sediment and 

soil samples amended with inorganic and organic forms of selenium. They also 

observed that selenium production was associated with microbial growth and was 

temperature-dependent, The results of the present study examined the effects 

of pH on the methylation of both sodium selenite and soium selenate. There 

appeared to be no pattern between the quantities of methylated selenium products and 

the sediment pH, or the anions present in each of the three acids. This is in 

contrast to the effects observed with lead. In these studies selenium 

methylation occurred over a wide range of pH suggesting that this process may 

occur in many sediments including those of acidified lakes. Selenium is particularly 

interesting from the standpoint of environmental pollution, because of the small 

safety margin between the levels of selenium necessary in the diet and those that 

are hazardous to man (Copeland, 1970). Organic selenium compounds are more 

., _.,.—.. _....._....-'——.-.-...—-—-._..-...-_.‘_..-.-.—.-,... ...-.._ ..,-- - ~ -- w . -
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toxic than the inorganic forms of selenium (Schroeder ggmgl.. 1970) and it 

is of considerable importance to establish whether such methylation reactions have 
ecological significance. 

Mercury 

The biological and chemical interconversions of mercury in sediments are 

very complex. Bacterial conversions of mercury, in the "mercury cycle" are 

outlined by Wood (1974). Bacteria can convert 332+ to HeHg and HeZHg. The 

former compound is_water soluble while the latter compound is slightly soluble 

but escapes mainly as a volatile gaseous product. Divalent mercury can be 

reduced to elemental mercury, and both methylated forms of mercury are subject 

to bacterial as well as chemical decomposition reactions. Intensive investigations 

dealing with the methylation of mercury were conducted following the notorious 

Hinimata Bay incident in Japan in the early 1950s. Jensen and Jernelbv (1967) 

presented the first evidence that inorganic and organic forms of mercury could be 

methylated by sediment microorganisms to produce HeHg. Subsequently, other 

investigations also showed that mercury could be methylated to HeBg and MeZHg 

under both aerobic and anaerobic conditons (Jernelvv, 1968; Jenson and Jernelbv, 

1969). Wood (1974) showed that methyl cobalamin (CHg-B12) could serve as a 

source of methyl groups in the laboratory methylation of mercury. The environ— 

mental significance of this is not known at present. since methylcobalamin is 

unstable in a natural environment. Although the biological and chemical 

conversions of mercury in connection with the mercury cycle are well known, 

little is known about the effect of pH on mercury methylation.: Miller and 

Akagi (1979) reported that pE affected mercury distribution, but not the 

methylation process itself. in the pH interval of 5.0-7.5. In their studies 

they used three different types of sediment, each possessing its own character—
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istic p8. These studies may be influenced by the very fact that each sediment 

‘ 
was not homogenous, and therefore, the different conditions present in each 

sediment type may have influenced the results they obtained. The results of the 

present study suggest that mercury methylation is highly pE—dependent, in that 
' 

Mefig production occurred only in the pH interval of 5.5—6.5. The results 
-pf this study agree with the findings of Bisogni and Lawrence (1973), who 

showed that Meflg is the predominant form of mercury at near neutral pH. Also, 

Wood (1974) reported that the pH optimum for the synthesis of methyl mercury 

either under laboratory conditions or in natural sediments was 4.5. Thus it 

appears that MeBg production is dependent on several factors, and is probably 

considerably influenced by the sediment characteristics and the pH. In these 

studies, lower levels of HeHg were found when the sediment pH was adjusted with 

sulphuric acid, compared to either nitric acid or hydrochloric acid. The 

formation of insoluble BgS in the anaerobic sediment could be a possible 

explanation for the observed occurrence. Evidence to support this lies in the 

fact that mercury methylation rates were reduced by the addition of sulphide 

to some anaerobic systems (Bisogni and Lawrence, 1973), also MeHg has a higher 

affinity for sediments containing sulfur groups (Reimers ££_gl, 1975). The 

enhancement of methyl mercury production in the pH interval of 5.5—6.5 

observed in these studies, may provide evidence for the increased methylation 

of mercury in acidic lakes; In support of this is the observation that mercury 

levels are elevated in fish taken from acidic lakes (Tsai gsugl,, 1975). 

bimethyl mercury was analyzed for in this study, however, none was detected. 

Hood (1974) reports that Hezfig can be produced by the same methyl-transfer 

reactions leading to the formation of Meflg, except that MeHg is the reacting 

species rather than Bg2+. However, the synthesis of Hezhg is approximately 

6000 times slower than the synthesis of Mefig (Hood. 1974). Thus, due to the 
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low levels of HeBg extracted in the present study, and in view of the relatively 

I 

short incubation period (two weeks) it is not surprising that Hezfig was not 

detected. 

Arsenic 

The biological cycle for arsenic has been presented by Wood (1974) and Braman 

(1975). Ferguson and Gavis (1972) have also reviewed the arsenic cycle in 

natural waters. The methylation of arsenic-containing compounds has been a 

topic of great interest since the early studies of Challenger (1951). Since then, 

many authors have reported on the methylation of arsenic compounds, with the 

production of various methylated forms of arsenic (McBride and Wolfe, 1971; 

Cox and Alexander, 1973; Braman and Foreback, 1973). Evidence for the 

biological methylation of arsenic by both sediments and pure cultures of 

bacteria was presented by Wong 3; 51. (1977). It has been suggested that arsenic 

methylation by bacteria in water and sediments constituted a possible source 

for high arsenic levels in fish, mussels, rock lobster and stingray (Edmonds 

and Francesconi. 1977). Methyl arsonic acid and dimethyl arsenic acid have 

also been found in natural waters, bird eggshells, seashells and human urine 

(Braman and Foreback, 1973). Arsenic concentrations have increased in several 

natural waters in recent years, and it is probable that these concentrations 

often appraoch or exceed values thought to be safe for drinking water (Ferguson 

and Gavis. 1972). In View of this. the present study was conducted to determine 

if p8 affected the methylation of both sodium arsenate and sodium arsenite. 

Arsenic methylation appeared to be similar to that of selenium in some respects. 

It did not appear to be dependent on p8, but rather the production of methyl arsenic 

acid and dimethyl arsenic acid occurred over the pH range of 3:5-7.5. It appeared 

that the quantities of these methylated products were greatest in the pH range 

__-._. _.-.._.--...-.—_I_-.—_-—_..—.-.— -_—.__'.._... ..--—..-.s.-. .. -_.._ ..._ . -.-......—.. _.._



27 

below 5.5. The production of volatile arsines'and nethyl arsines were not 

‘consistent in these studies and occurred only sporadically, however, both mono- 

methyl and dimethyl arsenic componnds were consistently produced. The methylation 

of arsenic appeared to be increased slightly when sulphuric acid was used to 

adjust the sediment pH. The significance of this finding is not known at 

present. since some of the sulphur compounds of arsenic are only slighlty water 

soluble (Ferguson and Gavis, 1972). However. microbial transmethylation or. 

reduction to arsine could solubilize the arsenic, and. therefore. perhaps the 

intermediate participation of sulphur facilitates the methylation reaction. 

The most significant feature of these studies, like those of selenium, is 

that the methylation of arsenic compounds occurred over a wide range of pH, 

suggesting that this process may occur in lake sediments including those of 

acidic lakes. Organisms are known to accumulate arsenic, but sufficient information 

is lacking to indicate that the biomagnification of arsenic compounds occurs 

in natural ecosystems. Further investigations into the methylation of arsenic 

compounds are required in order to assess their impact on the environment. 

A portion of this investigation was also concerned with the enumeration of 

metal and multiple-metal-resistant bacteria from the sediment of Plastic Lake. 

Bacterial resistance to mercury has been correlated with the reduction of Bg2+ 

to Ego (Nelson and Colwell, 1975) and the resistance factor was found to be 

plasmid—linked. Although we have not found any experimental evidence to 

indicate that this metal resistance is a prerequisite to methylation, it is 

conceivable that this relationship could exist. Microbial acclimation is often 

used to explain the lag period between the exposure of the toxic metal to the 

microbial agent and the beginning of transformation. Cox and Alexander (1973) 

noted that cells of Candida humicola grown in the presence of arsenate produced
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alkyl arsine more rapidly than cells proliferating in media without arsenate. 

.Thus these observations suggest the need for induction of enzymes for alkyl arsine 

synthesis. Acclimation, however, does not necessarily mean that the cell is 

metal-resistant. This aspect of the methylation of metals requires further 

investigation} Analysis of the Plastic Lake sediment revealed the presence of 

high concentrations of metal-resistant bacteria. Bacteria were most sensitive 

to mercury, followed by selenium (or sodium selenite), lead and arsenic. Lead 

is usually regarded as being more toxic to bacteria than selenium, however, in 

these studies, the reduction of selenite to elemental selenium and deposition 

within the cell may have contributed to the increased toxicity of this element. 

'The isolates obtained from growth on the individual metals were assessed for 

their ability to grow in the presence of other metals as well. In some cases, 

a large percentage of the isolates were also resistant to other metals, thus 

indicating that multiple-metal-resistant bacteria are also present in the 

sediment of this lake. These findings may explain the consistent, and in 

some cases relatively large, quantities of methylated products formed in the 

preceding study. 

Lake sediments often contain substantial microbial populations, where 

in most cases they are thought to be of fundamental importance with regard to 

nutrient cycling. Some acidic lakes are known to contain "abnormal" accumulations 

of sediment-organic debris, including leaf litter (Grahn 55 al,, 1974). The 

lack of organic decomposition in the lakes is thought to be due to a reduction 

in microbial activity (Hendrey £5,5l3, 1976). 

The present study was conducted to compare the capacity of several acidic lake 

sediments to degrade organic matter in the form of uniformly labelled 1“C-g1ucose. 

'

L 
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the fiheterotrophic activity method" originally developed by Parsons and 

Strickland (1962) was used in this context. 'Based on the kinetic parameters 

vmax and turnover time, the results of this study showed that the acidic 
lake 

sediments in most cases_had a low potential for mineralizing glucose. This 

is supported by'comparing the Vuax and turnover times in this study with 

those of other workers (Harrison e£_§l,, 1971; Leduc and Ferroni, 1979). 

Obviously, comparisons between lakes are sometimes questionable, because of the 

many differences which exist between lakes. In this study the relatively low 

Vnax values and large turnover times indicate that glucose may accumulate in 

the sediments of these lakes.
1 

There was no correlation between either Vmax or turnover time with the pH 

of the sediments or the microbial numbers. It is apparent that the capacity 

for glucose mineralization in these sediments is probably dependent on a large 

number of interelated factors (for example, heavy metal concentrations).
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