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Elemental S (S°) is an economical source of sulfur fertilizer but

requires oxidation to 5042- before plants can utilize this sulfur.

Understanding key factors and processes that influence S° oxidation is

needed to improve prediction of S° oxidation potential in soils and

the efficiency of S° as a fertilizer source. Rhodanese converts

S2032- to S032- which are intermediates during the oxidation of S°.

Although rhodanese activity has been detected in soils, its role in S

oxidation is not well understood.

In Chapter I, the effects of time, temperature and water

potential on rhodanese activity and S° oxidation potential are

reported. A preliminary investigation showed that in three of the

four soils tested, there was a linear relationship between S°

concentration and S oxidation up to 1000 mg S kg-1 soil. In the

other soil which had significantly lower biomass C this relationship

was linear only up to 500 mg S° kg-1 soil. Air drying decreased or

increased S° oxidation depending on soil type, where as air drying



decreased rhodanese activity in all four soils tested. The

relationship of S° oxidation to rhodanese activity was not consistent

among all soil types. The Woodburn soil (Aquultic Argixeroll) had

high S° oxidation potential but low rhodanese activity where as the

Amity soil (Argiaquic Xeric Agialboll) had high rhodanese activity but

low S° oxidation. The rate of S° oxidation reached a maximum after

seven or 14 d depending on soil type but rhodanese activity decreased

with time up to 28 d in all soils. In three of the four soils tested

the addition of K2SO4 or Na2SO4 (450 mg S042--5 kg-1 soil) suppressed

rhodanese activity after 28 d incubation at 23°C, indicating that the

end product of S° oxidation (S042-) has a potential role in

suppressing rhodanese activity. A complete factorial experiement of

five temperatures (10, 20, 25, 30 and 40°C) and five water potentials

(ranging from approximately -0.005 to -10 MPa) was conducted to

determine the influence of these parameters on S° oxidation and

rhodanese activity in five soils. Optimum temperature for S°

oxidation ranged from 25 to 30°C, and optimum water potential was

-0.02 MPa in silty clay or silt loam soils (Jory, Amity and Woodburn),

-0.01 MPa in a sandy loam soil (Newberg) and -0.1 MPa in a sandy soil

(Quincy). Unlike the other four soils, the coarse-textured soil

(Quincy) high in sand content (>89% sand) had increasing rhodanese,

activity with increasing water potential at temperatures ranging from

10 to 30°C, but at 40°C rhodanese activity decreased with increasing

water potential. No direct relationship between S° oxidation and

rhodanese activity was found in this study.

In Chapter II the effect of 26 soil properties, soil

sterilization and soil acidification in relation to S° oxidation and



rhodanese activity in soils was investigated. Thirty three soils were

used, including 27 major soils of Oregon and six major soils of

Guizhou and Hainan province, People's Republic of China.

S° oxidation was determined by amending each soil with 500 mg S°

kg-1 soil followed by S042- determination after a seven day

incubation. S° oxidation varied widely among the 33 soils ranging

from 0 to 143 mg S042--5 kg -1 soil 7 d-1. Rhodanese activity also

varied widely among 33 soils ranging from 22 to 2109 nmoles SCN- g-1

soil h-1. S° oxidation was higher in alkaline soils than in acid

soils with a correlation coefficient of 0.66*** for S° oxidation and

soil pH. Although rhodanese activity tended to be higher in acid

soils, it was not significantly correlated to soil pH (r=-0.30).

S° oxidation in sterile soils, or apparent S° oxidation (ASO),

ranged from 0 to 6.9 (avg. 1.2) mg S042--S kg-1 soil 7 d-1, which was

0 to 78% (avg. 3%) of the total S° oxidation. Rhodanese activity in

sterile soils, or apparent rhodanese activity (ARA), ranged from 0 to

94 (avg. 24) nmoles SCN- g-1 soil h-1, which was 0 to 80% (avg. 11.9%)

of the total rhodanese activity.

Preliminary correlations using all soils showed few significant

correlations between soil properties and S° oxidation or rhodanese

activity. Separate regression analysis on factors within two groups

of soils above and below pH 6 revealed many significant correlations

of S° oxidation or rhodanese activity with soil properties. This

indicated that the mix of microorganisms that are involved in S

oxidation and rhodanese activity are probably different and require

different growth conditions as a function of soil pH. In soils with

pH:56, S° oxidation was significantly correlated only with soil pH



(r=0.53*), but rhodanese appeared to be repressed by S042-, Cl- and B

which were significantly negatively correlated with rhodanese

activity. In soils with pH>6, rhodanese activity was closely related

to properties that relate to microbial activity because it was

significantly correlated with biomass C, total C, total N and organic

P. In addition, significant positive correlations with Cu2+ and Zn2+

suggested that these metals activate rhodanese activity in these

soils. At pH>6 S° oxidation was not correlated with biomass C but was

positively correlated to soil pH, total S, total C and S042-.

Twenty of the 33 soils showed a pH decrease of less than 0.1

after a one week incubation when each soil was amended with 500 mg S

kg-I soil. However another five soils showed pH decreases of 0.5 to

1.55 which was related to their relatively high S° oxidation rate and

low buffering capacity. Biological S° oxidation (total S° oxidation

minus ASO) was negatively correlated with pH change for soils with

pH156 but no such significant relationship was found for soils with

pH>6. This suggested that extreme acidity may be inhibiting S

oxidation but this effect of pH change was not found for rhodanese

activity.
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Sulfur Oxidation and Rhodanese Activity in Soils

INTRODUCTION

Sulfur (S) is an essential nutrient for life (Platou and Irish,

1982). Plants require S for synthesis of essential amino acids,

protein, certain vitamins and coenzymes, and activation of certain

enzymes (Coleman, 1966). Soil S occurs in both organic and inorganic

forms, but mainly in organic fractions. In its inorganic form it

exists in the -2, 0, +2, +4 and +6 oxidation states. Plants generally

utilize the +6 oxidation state of S042-. In terms of microbial

oxidation and reduction reactions, the most important forms of S are

sulfide (S2-), thiosulfate (S2032-), sulfite (S032-), sulfate (S042-)

and the polythionates (Wainwright, 1984). In the past S was often

applied to the soil as an unrecognized component of fertilizer

materials. Ammonium sulfate, for example, which contains 24% S, was

commonly applied as a N source, but due to increasing costs of this

material, it is being replaced by urea which has no S. With the

advent of high analysis phosphorus fertilizers, little or no S is

added to soils leading to increased S deficiency in crop production.

Another reason for S deficiency is the increased use of low S fuels to

reduce air pollution, which has reduced atmospheric contributions of S

for plant growth. Other factors that have contributed to the need for

S are higher yield levels and, more intensive land use by double

cropping. Sulfur deficiency is now known to occur throughout the

world, including 37 of the states in the United States (Morris, 1984).
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To meet the requirements for S, there is an increasing need for

S-containing fertilizers.

Among the S fertilizer sources, elemental S (S°) is the most

concentrated S carrier (100% S), which is inexpensive and has low

transportation costs (Nor and Tabatabai, 1977). Under leaching

conditions, S° is advantageous because S is released at a rate slow

enough to reduce rapid leaching of S out of the soil profile

(McCaskill and Blair, 1987). However, S° must be oxidized to sulfate

before it can be utilized by plants.

S oxidation can occur under aerobic or anaerobic conditions.

Under aerobic condition, the oxidation of S° can be chemical

(abiotic), microbiological (biotic) or a combination of both (Konopka

et al., 1986). It has been largely attributed to biological activity

in soils, but limited evidence suggests that chemical oxidation of S°

may also be possible (Wainwright, 1984).

S° is oxidized to 5042- via a polythionate pathway, which

involves the formation of intermediates. The enzyme rhodanese

(thiosulfate: cyanide sulfurtransferase, EC 2.8.1.1.), which catalyzes

the conversion of S2032- to 5032- during S° oxidation, has been

detected in soils (Tabatabai and Singh, 1976). Thus it may provide an

index of the potential of soils to oxidize S°.

Since there is wide variation among soils in S° oxidation

potential, understanding the relationship of rhodanese activity to S

oxidation in soils would provide information on mechanisms of S

oxidation and might facilitate prediction of the availability of S° in

various soils.
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S° oxidation, rhodanese activity and their relationship will be

covered in Chapter I, including the effect of S° concentration, time,

soil pretreatment, soil temperature and moisture, and amendment of S

or S042- on S oxidation or rhodanese activity in soils. The

relationship of soil properties to S° oxidation and rhodanese activity

will be addressed in Chapter II, including investigations of the

effects of sterilization.
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LITERATURE REVIEW

S° oxidation in soil has been studied widely, but relatively

little work has been done on studies of rhodanese activity in soils.

Since S oxidation plays an important role in making SO available to

plants and rhodanese has been recognized as having a potential role in

S° oxidation (Tabatabai and Singh, 1976), understanding S° oxidation,

rhodanese activity and factors affecting them could potentially

improve the management of S° as a fertilizer source.

Sulfur Oxidation in Soils

S° oxidation reactions

Vishniac and Santer (1957) suggested that intermediate products

are formed during S° oxidation as shown:

S° ----> S2032- ----> S4062- ----> S032- ----> S042-

Investigations of the biochemistry and physiology of Thiobacillus in

relation to S° oxidation indicate that this process is not straight

forward and likely has several pathways. S° can be oxidized to S032-

directly by an S oxidizing enzyme with reduced glutathione (GSH) as

the coenzyme as shown by Suzuki (1974):

Sn° + GSH ----> GSSnH

S-oxidizing enzyme
GSSnH + 02 + H2O > GSSn..1H + S032- + 2H+

where Sn represents polymerized S containing n number of S atoms.

Thus S° atoms can be oxidized one by one to sulfite until GSH is

produced and reacts with Sn again. This has been detected in a
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cell-free system with enzymes extracted from T. thiooxidans (Suzuki,

1974).

Suzuki (1974) also showed that S2032- can be directly oxidized to

S032- by rhodanese and a S-oxidizing enzyme:

thiosulfate-cleaving enzyme
SS032- > [S] +S032-

rhodanese

S-oxidizing enzyme
[S] + 02 + H2O > S032- + 21-11-

The oxidation of S032- to S042- in Thiobacillus apparently proceeds by

two pathways (Konopka et al., 1986) as follows:

sulfite oxidase
S032- +H20 > S042- + +2e-

APS reductase
5032- + AMP > APS + 2e-

phosphoadenylyl sulfatase
APS + Pi > ADP + S042-

adenylate kinase
2ADP > AMP + ATP

The intermediates, 52032- and S4062-, have been isolated from the

reaction involving bacteria (London and Rittenberg, 1964; Starkey,

1956), but no S032- has been detected because of the instability of

S032- in the soil environment (Nor and Tabatabai, 1977). Nor and

Tabatabai (1977) treated different soils with S° and incubated them at

30°C for various times, then measured the total inorganic S, S042-,

S2032- and S4062-. The results obtained suggest that the mechanism of

oxidation of S° in soils is similar to that proposed by Vishniac and

Santer (1957) and Starkey (1956) for the mechanism of S° by the genus

Thiobacillus. Incubation times, ranging from 28 to 70 d (30°C) showed

that in the six soils amended with S , only S042- was produced and no

S2032- or 54062- could be detected (Nor and Tabatabai, 1977).
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The possible presence of these intermediates is important because

they can be toxic to plants. Work by Audus and Quastel (1947)

demonstrated that S2032- inhibits germination and subsequent root

growth of a number of plants. Fortunately the amount of S2032- is

relatively small and this intermediate only exists during the first

few days of S° application. The effect of it on seed germination and

subsequent root growth and development therefore should be of minor

significance (Nor and Tabatabai, 1977). However other forms of

S-fertilizers, such as ammonium-thiosulfate or sodium-thiosulfate can

persist as thiosulfate for 28 d or more in soils at 25°C (coos, 1985).

Although S° oxidation has largely been attributed to biological

activity, Wiklander et al. (1950) reported that the abiotic oxidation

of S° did occur in autoclaved soils, with 73% of the free S° being

oxidized to S042- over a long incubation period (330 d) in autoclaved,

air-dried soils. A more recent report by Lettl (1982) showed that 80%

of the S032- added to the surface organic horizons of a spruce soil

was apparently oxidized to S042- abiotically. Nor and Tabatabai

(1977) reported that S° oxidation can occur in autoclaved soils but

suggested that further work is needed to verify abiotic oxidation of

S° in soils.

S° oxidation organisms

Among the wide spectrum of microorganisms which are capable of

oxidizing S in the environment only some species of the genus

Thiobacillus and certain heterotrophs are thought to be important in

S° oxidation in most aerobic agriculture soils (Burke, et al., 1974;

Joshi and Hollis, 1976).
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1. Chemolithotrophs

Most agricultural soils contain very few Thiobacilli (100-200

,Ag'1) (Alexander, 1977). One common ability of Thiobacillus is to use

energy from the oxidation of reduced S compounds. The main reasons

for assigning Thiobacilli the dominant role in S° oxidation in soil

are:

(1) Chemolithotrophic S-oxidizing bacteria will oxidize reduced

forms of S and utilize the energy released during S° oxidation for

growth (Wainwright, 1984; Trudinger, 1986).

(2) The number of Thiobacilli determined using plate counts

increases substantially with the addition of S° to soils or other

reduced forms of S compounds (Adamczyk-Winiarska et al., 1975;

Alexander, 1977) and this correlates with an increase in S042-

production (Lettl et al., 1981a).

(3) Inoculation of soils with Thiobacilli leads to an increase in

numbers of these organisms and the rate at which S is oxidized

(Vitolins and Swaby, 1969; Fawzi, 1976).

The majority of Thiobacillus that can oxidize S° are obligate

aerobes. Several species of Thiobacillus can utilize N032- as a

terminal electron acceptor when grown under anaerobic conditions

(Kuenen and Tuovinen, 1981). Optimum pH for growth of Thiobacillus

differs among the various species. A study by Vitolins and Swaby

(1969) demonstrated that Thiobacilli, in general, dominate at pH < 7

with specific genera dominating at pH 5 6.5 (T. thioparus) and pH <

5 (T. thiooxidans). McCaskill and Blair (1987) found that the

presence of T. thiooxidans is necessary to maintain high rates of S°

oxidation only when soil pH falls below 4.7.
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2. Heterotrophs

In the past, the greatest emphasis has been placed on the role of

Thiobacillus in S-oxidation, but attention is increasing on the role

of heterotrophic microorganisms, both bacteria and fungi, on the

process. In fact, as early as 1969, Vitolins and Swaby have reported

that some soils are deficient in Thiobacilli but are still capable of

oxidizing S. They also found no direct relationship between the

incidence of Thiobacilli and the rate of S° oxidation among a wide

range of soils. Their study and more recent work by Lawrence and

Germida (1988) have shown that heterotrophic bacteria can oxidize S°

and that they are much more numerous in high S -oxidizing soils than

Thiobacilli which suggests that heterotrophs are primarily responsible

for much of the S-oxidation in agricultural soils.

Previous studies have demonstrated the inability of heterotrophic

bacteria to gain energy from S° oxidation (Trudinger, 1967; Schook and

Berk, 1978). But there is no doubt that heterotrophic microorganisms

can oxidize reduced forms of S in culture (Starkey, 1956; Trudinger,

1967) and in laboratory soil experiments (Pepper and Miller, 1978).

There are some bacteria, such as hydrogen bacteria, Xanthobacter

autotrophicans and actinomycetes that are reported as being able to

oxidize S, but it is not clear if they are heterotrophs or not.

The ability of fungi to oxidize reduced S in vitro has long been

recognized but never emphasized in the past. Vitolins and Swaby

(1969) showed that soil yeasts can oxidize S. Wainwright and Killham

(1980) showed that F. solani could oxidize S° to S2032-, S4062- and

S042- in autoclaved soil. Fungi may benefit from S oxidation in the

following ways:
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(1) The fungus may avoid the toxic affects of S° by oxidizing it

to less toxic oxyanions, such as S042-.

(2) Both S2032- and S4062- can protect a wide range of fungi from

the toxic effects of numerous heavy metals when growing in vitro.

(Wainwright and Grayston, 1983).

(3) The process leads to the formation of 5042- which can be used

in the nutrition of the organisms.

(4) S° is accumulated by a wide range of fungi and acts as a

self-inhibitor of spore germination (Pezet and Pont, 1977). Oxidation

of S° by fungi may be allied therefore to a mechanism for removing

such inhibition.

Measurement of S° oxidation

Conversion of S° into soluble 5042- has been measured by both

indirect and direct methods (McCaskill and Blair, 1987). Indirect

methods include comparisons between plant S uptake, sulfate

accumulation or leaching, or both, for amended and unamended soils,

and the measurement of the dilution of 355042- applied to the soil

sulfate pool at the time S° was added to the soil. Direct methods

include the measurement of the remaining S° and techniques using

radioactive S°. Since there are other processes involved in S

cycling, such as transfer between organic and inorganic forms of S,

indirect measurement of S° oxidation can be difficult to interpret.

However, because of the simplicity of the measurement and lack of

precise method of measuring the remaining S0, the rate of oxidation of

S° is usually determined by measuring the change in soil sulfate
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concentration during a prescribed period after application of S° to

soil (Wainwright, 1984).

oxidation rates vary widely among soil types. But the SS

oxidation rates of most soils is low. For example Swaby and his

coworker have found that of the 329 Australian surface soils

investigated, over 50% of these soil oxidized S° either very slowly or

not at all (Swaby and Vitolins, 1968; Vitolins and Swaby, 1969; and

Swaby and Fedel, 1973). Nor and Tabatabai (1977) increased the rate

of S° from 50 to 200 mg S° kg-1 soil, yet the percentage of S oxidized

in soils (S042--S produced expressed as a percentage of S° added)

remained fairly constant in the six soils they treated.

Factors affecting S oxidation

There are many factors which may affect S° oxidation in soils.

Previous studies have investigated the role of S° concentration,

particle size, soil pH and other chemical properties, water potential

and temperature, microbial biomass, nutrient supply and time on S

oxidation.

1. S° particle size and concentration

The particle size of S° is considered to be a significant

influence on the rate of S° oxidation (Weir, 1975; Janzen and Bettany

1987a). Therefore, measurements determined using one particle size

are not applicable to particles of a different size. In addition,

rates determined by different investigators using various sizes of S

particles cannot be meaningfully compared. However, Janzen and

Bettany (1987a) demonstrated a linear relationship between application
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rate and amount of S° oxidized over a range of 0 to 4000 mg S kg-1 by

using S° particle size 0.106 to 0.150 mm (mean diameter of 0.119 mm)

(Janzen and Bettany 1987a). McCaskill and Blair (1987) confirmed that

the presence or absence of rapid S° oxidizers makes little difference

to S° release rates when S° particle size is below about 0.5 mm, which

had been demonstrated by previous studies (Li and Caldwell, 1966;

Lettl et al., 1981b). Perhaps S° oxidation is limited by an initial

chemical solubilization process that renders the S° accessible for

oxidation, not by the biological capacity of the microbial population

to oxidize S° (Janzen and Bettany 1987a). Therefore, S° oxidation

rates can be determined using relatively high application rates to

achieve greater analytical accuracy and less interference, which can

be extrapolated to a lower application rate more representative of

agronomic rates.

2. Soil chemical properties

There is no consistent effect of soil properties on S° oxidation.

A study by Wainwright and Killham (1980) demonstrated that rates of S°

oxidized were maximum when the medium was buffered to pH 7.0.

Vitolins and Swaby (1969) studied S° oxidation in 273 Australian soil

samples and found that the rate of S
0

oxidation was lower in alkaline

soils than in acid soils. Conversely, Nor and Tabatabai (1977) found

that the rates of S° oxidation in acid soils were lower than in

alkaline soils. Kittams and Attoe (1965) studied 54 Wisconsin soils

and reported no consistent relationship between S° oxidation and soil

properties, such as soil texture, total C, or N, P, S levels. Similar

results were obtained by Vitolins and Swaby (1969) in the 273
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Australian soils. Liming of soils may increase, have no effect or

inhibit S° oxidation (Weir, 1975). These results reflect the complex

effect that liming might have on microbial populations, levels of

toxic metals such as Al or Mn and changes of soil nutrient supply in

relation to S° oxidation.

3. Soil nutrient supply and microbial biomass

The nutrient needs of S oxidizing microorganisms involved in S°

oxidation are not fully known but appear to be met by most soils

capable of growing crops (Weir, 1975). Sulfur incorporated into

fertilizers has been reported to oxidize more rapidly than S added to

soil alone (Bloomfield, 1967). Organic matter is not essential for

the activity of autotrophic S bacteria, but heterotrophs require a

source of organic carbon. Oxidation can be rapid in soils either high

or low in organic matter. Li and Caldwell (1966) found little effect

from the incorporation of straw in their lysimeter studies.

Conversely, Wainwright and Killham (1980) reported that rates of S°

oxidized were doubled when the C:N ratio was doubled from 5:1 to 10:1.

Lawrence and Germida (1988) demonstrated that addition of glucose

increased S° oxidation and biomass C. They also showed a linear

relationship of S° oxidation with biomass C (r=0.68, p<0.01) and soil

respiration rate (r=0.88, p<0.01).

4. Temperature and moisture

Soil temperature and moisture are environmental factors which

have an effect on rates of S° oxidation in soil. Nevell and

Wainwright (1987) demonstrated that S° was oxidized to sulfate over a
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wide range of soil moisture treatments (10% to 60% w/w), but the

optimum was from 40% to 50% (w/w) soil moisture content. Janzen and

Bettany (1987b) showed that the maximum oxidation rate was at a water

potential near field capacity, except in two soils with extreme

moisture retention capacities: a sand (>-0.01 MPa) and a clay (-0.27

MPa). They concluded that these differences were attributed to

different air-filled porosities at high water potentials.

Oxidation of S° is very responsive to changes in temperature

(Janzen and Bettany, 1987b). Li and Caldwell (1966) found that the

rate of sulfate formation was nearly four times faster at 30°C than at

23°C. Similarly, Nor and Tabatabai (1977) found increasing the

temperature from 5 to 30°C increased rates of S° oxidation from 2.3 to

6.1 times among different soil types in a 74 d incubation. Maximum

oxidation of S° by T. thiooxidans occurs at temperature ranging from

27 to 35.5°C (Starkey, 1935). A similar temperature range has been

reported by Waksman and Joffe (1922) and Nor and Tabatabai (1977) for

oxidation of S° in soils.

5. Pretreatment of S° and acidification of soils in relation to S°

oxidation

The effect of S° pretreatment on the subsequent rate of S°

oxidation is not clear. Kittams and Attoe (1965) found that

inoculation of soils with S° treated soils increased S° oxidation from

23 to 54%. Janzen and Bettany (1987c) also detected a threefold

increase of S° oxidized in a 6 d incubation in soils that had previous

S° applications. Conversely, Solberg and Nyborg (1983) observed no

effect of S° pretreatment on S° oxidation rates. But Lawrence et al.
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(1988) reported S° fertilization (22 kg S° ha-1 yr-I for 5 years)

caused a three fold increase of S° oxidation in one soil, but only 17%

in another soil. These results suggest that there is great variation

in the numbers and types of S-oxidizing microorganisms among soils and

that prediction of sulfate release from S° and fertilizer efficiency

of S° will be difficult to assess.

Sulfuric acid formed in S° oxidation may cause soil

acidification. Rudolph (1922) reported that in a fine sandy loam

treated with S° at rates as high as 2000 kg ha-1, the final pH was

less than 0.5 pH units lower than in corresponding untreated soil. The

oxidation of applied S° reduced the pH in four soils tested by Janzen

and Bettany (1987c). The pH decrease was 0.3 to 0.6 after two months

with application of 200 kg S° ha-I. However this effect decreased

with time because after 16 months soil pH decreased only 0.1 to 0.4 pH

units due to the S° application. A study by Nevell and Wainwright

(1987) demonstrated that S° amendment decreased soil pH by 0.5 to 1.25

pH unit after a 35 d incubation at soil moisture ranging from 2% to

60%. A greater decrease tends to occur at high moisture levels.

These results suggest that there may be minimal long-term effect of

soil acidification due to S° oxidation, but that short term effects

are possible, especially in soils with low pH buffering capacity and

high S° oxidation rates.
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Rhodanese Activity

Biological distribution, states and sources of rhodanese

Rhodanese is the enzyme that catalyzes the formation of sulfite

and thiocyanate from thiosulfate and cyanide (S2032- + CN- = SCN- +

S032-). Rhodanese was first discovered in animal tissues (Lang,

1933), and Sorbo (1953) crystallized it from beef liver and Westley

and Green (1959) from kidney tissue. Rhodanese is widespread in the

biological world (Westley, 1973) from man to bacteria and plants.

There are reports of its occurrence in the leaves of plants (Chew and

Boey, 1972; Tomati et al., 1972; Chew, 1973; Anosike and Ugochukwu

1981), several bacteria (Stearns, 1953; Brown et al., 1965; Smith and

Lascelles, 1966; Lettl, 1983) and in flooded and nonflooded soils

(Tabatabai and Singh, 1976; Wainwright, 1981; Ray et al., 1985).

Lettl (1983) showed that 63% of the heterotrophic bacteria

isolated from a spruce humus soil were able to produce rhodanese while

none of the 30 fungi isolated from the soil could do so. Chew and

Boey (1972) detected rhodanese activity in a crude extract of tapioca

(Manihot utilissima) leaves and in crude leaf extract of 12 randomly

selected plant species consisting of nine non-cyanophoric and three

cyanophoric species (Chew, 1973). It has also been detected in the

leaves, peel and flesh of the tuberous part of Manihot esculenta

Crantz (Anosike and Ugochukwu, 1981), which is also the first report

that rhodanese is present in higher plant tissues other than the

leaves. But no information is available about the presence of

rhodanese in plant roots and how it relates to rhodanese activity in

soils.
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Some of the biological transformations in soils are catalyzed by

enzymes found outside living soil organisms (Skujins, 1967), which are

considered to be free enzymes, and presumably are stabilized in clay

or organic complexes. Free enzymes in soil can come from: excretion

of viable microorganisms; dying microorganisms; soil animals; plant

roots; and plant residues (Skujins, 1967). The source and state of

rhodanese in soils still remains unknown. Further work is needed in

this area.

Suzuki (1974) reported that rhodanese is important in the

bioenergetic oxidation of thiosulfate. Rhodanese has been suggested

to play a role in the detoxification of cyanide in cassava (Anosike

and Ugochukwu, 1981). Rhodanese may be important for converting

S2032- to S032- during S° oxidation, since rhodanese has been detected

in soils (Tabatabai and Singh, 1976).

Measurement of rhodanese activity in soils

Tabatabai and Singh (1976) first reported rhodanese activity in

soils and developed a method for assaying rhodanese activity in soils.

The method is based on extraction and colorimetric determination of

thiocyanate in soils. The substrates CN- and S2032- are added to the

soil in the form of KCN and Na2S203 followed by a 1 hour incubation

buffered at pH 6 and a constant temperature of 37°C. Toluene is added

to inhibit microbial growth and assimilation of enzyme reaction

products during the rhodanese activity assay. Although several

workers have found that toluene affects the activity of some enzymes

in soils (Skujins, 1967), it does not affect rhodanese activity in

soils (Nor and Tabatabai, 1977). Either the microbial cell members
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are permeable to the substrate and the reaction products of rhodanese,

or the rhodanese activity associated with the microorganisms in soils

is an insignificant part of the total activity. Based on tests of

several buffers, 0.05 M THAM was chosen as the buffer and pH 6 was

found to be the optimum pH for rhodanese activity in soils.

CaSO4- formaldehyde solution stops the reaction and is used as an

extractant for the SCN- formed during the incubation. A 1 h

incubation time was recommended to reduce risk of error due to

microbial growth during the assay.

The optimum temperature of rhodanese activity in soils occurs at

about 65°C (Nor and Tabatabai, 1977). However, 37°C was used in the

assay of rhodanese activity because this temperature is used

extensively for other enzyme assays.

Factors affecting rhodanese activity in soils

Tabatabai and Singh (1976) studied the effect of end products,

SCN- and S032-, on rhodanese activity. With 2,500 nmoles of either

SCN- or 5032- per gram of soil were added, the SCN- had no effect on

the reaction rate of rhodanese, but the S032-, an intermediate of S°

oxidation markedly reduced the activity of this enzyme in soils.

Therefore, product inhibition may occur when 5032- accumulation

reaches a certain point.

Steam sterilization usually inactivates soil enzymes, but the

study by Tabatabai and Singh (1976) showed that it did not inactivate

rhodanese activity completely. Similar results were reported by Ray

et al. (1985). Rhodanese activity in steam sterilized soils was

called apparent rhodanese activity, which could be due to a
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nonspecific chemical catalysis of the thiosulfate-cyanide reaction by

metal ions. However steam sterilization did reduce the rate of

rhodanese activity markedly. The apparent rhodanese activity ranged

from 0.6 to 9.8% as a percentage of total rhodanese activity

(Tabatabai and Singh, 1976).

The temperature of storage is also an important factor affecting

rhodanese activity in soils. Singh and Tabatabai (1978) demonstrated

that storage at -20°C or 5°C is a satisfactory method of preserving

field moist samples for assay of rhodanese activity and air-drying of

field-moist soils resulted in a marked decrease of rhodanese activity.

Nor and Tabatabai (1975) found that the presence of various ions

or organic compounds in the buffer solution can affect rhodanese

activity. Chloride ions activate the rhodanese activity in soils.

Since chloride ion has been shown to have no effect on the cyanolysis

of thiosulfate in the presence of Cu2+ (Nor and Tabatabai, 1975), the

observed increase of rhodanese activity of soils in the presence of

this anion seems to be due to activation of this enzyme in soils

rather than an increase in the rate of chemical cyanolysis of the

thiosulfate added. Conversely, 1 mM of NaNO2, NaN3 or NaHCO3 in the

buffer solution inhibited rhodanese activity. Except for Zn, which

activated rhodanese activity, all 15 elements studied (50 pmoles g-1

soil), including Al, Mn, B, Fe, inhibited rhodanese activity

(Tabatabai and Singh, 1977). Formaldehyde treatment caused complete

destruction of the rhodanese activity along with elimination of any

nonenzymatic, chemical catalysis.

A study by Ray et al. (1985) demonstrated that rhodanese activity

in soils reached a maximum at 20 d when air-dry soils were held under
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flooded and non-flooded conditions (60% WHC) at room temperature

although the increase was not appreciable. Three of the four soils

they tested showed higher rhodanese activity under flooded conditions

than under nonflooded conditions. The other soil (alluvial) was just

the opposite. They were unable to determine why rhodanese activity

responded differently to flooding on this soil, since it was similar

to the other three soils in terms of soil properties. It seems that

these three soils have a group of soil anaerobic microorganisms which

are associated with rhodanese activity but the other soil has a

different mix of microorganisms in relation to rhodanese activity.

Soils also responded differently to a transition from a flooded to

aerobic conditions: where as a pokkali soil had rhodanese activity

that decreased from 188 to 38 nmoles SCN- g-1 soil h-1, an alluvial

soil increased in rhodanese activity from 82 to 663 nmoles SCN- g-1

soil h-1 after five days of aerobic conditions followed by flooded

conditions (Ray et al., 1985).

Relationship of S° oxidation and rhodanese activity in soils

Since rhodanese activity and S2032-, an intermediates during S

oxidation, have been detected in soils (Tabatabai and Singh, 1976),

one could hypothesize that rhodanese activity is important in S°

oxidation. A thorough investigation of relating rhodanese activity to

S° oxidation has not been conducted.

The Qip value is a indication of the temperature effect on a

reaction, which is the ratio of the reaction rate at one temperature

divided by the reaction rate at a temperature 10°C lower. The average

Qlo values of rhodanese activity for temperatures ranging from 10 to
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60°C ranged from 1.25 to 1.45 (avg. 1.37) (Tabatabai and Singh, 1979),

which is very different from Q10 of S° oxidation showed by Janzen and

Bettany (1987b). Q10 values for their study of S° oxidation were >3

for temperatures ranging from 3 to 30°C. Similar findings of the

effects of temperature on S° oxidation have been reported by several

previous studies (Li and Caldwell, 1966; Nor and Tabatabai, 1977).

These results indicate that S° oxidation is strongly affected by

temperature, but rhodanese with relatively low Qlo values requires low

kinetic energy for its reaction in soils.

In a simulated oxidized surface layer of a flooded soil,

accumulation of S042- from S° was not related to rhodanese activity

(Ray et al., 1985). Although alluvial soil showed higher (about 10

times) rhodanese activity than alkaline soil at zero time, after 10 d

of flooding, rhodanese activity dropped rapidly in alluvial soil to a

level less than that of an alkaline soil. Even after 40 d, rhodanese

activity was higher in the alkaline soil than the alluvial acid soil;

yet the S042--S content in the alluvial acid soil was almost three

times that of the alkaline soil. Since they found that rhodanese

activity increased with S° oxidation in aerobic soils, they concluded

that rhodanese activity was related to S-oxidation in aerobic soils,

but not in a simulated oxidized surface layer of a flooding soil.
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CHAPTER I

Sulfur Oxidation and Rhodanese

Activity in Relation to Experimental

and Environmental Conditions
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ABSTRACT

Rhodanese converts 52032- to S032- which are intermediates during

the oxidation of elemental sulfur (S°). Although rhodanese activity

has been detected in soils, its role in S° oxidation is not well

understood. This study investigated the effects of time, temperature

and water potential on rhodanese activity in S amended soils. A

preliminary investigation showed that in three of the four soils

tested, there was a linear relationship between S° concentration and

S° oxidation up to 1000 mg S° kg-1 soil but in the other soil which

had significantly lower biomass C this relationship was linear only to

500 mg S° kg-1 soil. Air drying decreased or increased S° oxidation

depending on soil type, where as air drying decreased rhodanese

activity in all four soils tested. The relationship of S oxidation

to rhodanese activity was not consistent among all soil types. The

Woodburn soil (Aquultic Argixeroll) had high S oxidation potential

but low rhodanese activity where as the Amity soil (Argiaquic Xeric

Agialboll) had high rhodanese activity but low S° oxidation. The rate

of S° oxidation reached a maximum after seven or 14 d depending on

soil type but rhodanese activity decreased with time up to 28 d in all

soils. In three of the four soils tested the addition of K2SO4 or

Na2SO4 (450 mg S042--S kg-1 soils) suppressed rhodanese activity after

28 d incubation at 23°C, indicating that the end product of S°

oxidation (S042-) has a potential role in suppressing rhodanese

activity. An experiment, including a complete factorial of five

temperatures (10, 20, 25, 30 and 40°C) and five water potentials

(ranging from approximately -0.005 to -10 MPa) was conducted to
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determine the influence of these parameters on S° oxidation and

rhodanese activity in five soils. Optimum temperature for S°

oxidation ranged from 25 to 30°C, and optimum water potential was

-0.02 MPa in silty clay to silt loam soils (Jory, Amity and Woodburn),

-0.01 MPa in a sandy loam soil (Newberg) and -0.1 MPa in a sandy soil

(Quincy). Unlike the other four soils, the course-textured soil

(Quincy) high in sand content (>89% sand) had increasing rhodanese

activity with increasing water potential at temperatures ranging from

10 to 30°C, but at 40°C rhodanese activity decreased with increasing

water potential. No direct relationship between S
0

oxidation and

rhodanese activity was found in this study.
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INTRODUCTION

Elemental sulfur (S°) is an important and economical source of

sulfur fertilizer. However S° must first be converted to sulfate

through oxidation before it can be taken up by plants. Since rates of

S° oxidation vary widely among soils (Vitolins and Swaby, 1969; Nor

and Tabatabai, 1977), it is important to develop a better

understanding of the factors that influence S° oxidation to improve

the prediction of S° oxidation potential in soils and the efficiency

of S° as a fertilizers source.

The rate of elemental sulfur (S°) oxidation is strongly

influenced by soil moisture and temperature, S° particle size and soil

type (Janzen and Bettany, 1987a and 1987b). This has implications for

investigations into S° oxidation reactions and predicting rates of S°

oxidation in the field because the conditions of the lab experiments

will strongly influence S° oxidation results. This has made cross

referencing between different investigations difficult because there

has been no standardized method for measuring rates of S° oxidation.

Furthermore there is relatively little information available on how

rhodanese activity, which converts 52032- to 5032- (intermediates

during S° oxidation), is affected by these factors. Information on

how these factors influence rhodanese activity is an important

foundation for establishing the role of rhodanese activity in S°

oxidation.

Previous studies showed that the use of S° particles ranging in

size from 0.106 to 0.150 mm could exclude the effect of S° particle
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size on S oxidation rate in a certain range of S application rates

(Janzen and Bettany, 1987a). The effect of soil moisture on S°

oxidation varies among soil types with the optimums ranging from -0.08

MPa (Nevell and Wainwright, 1987) to -0.01, -0.03 and -0.27 MPa

depending on soil types (Janzen and Bettany, 1987b). The optimum

temperature for S° oxidation has been found to be about 30°C (Waksman

and Joffe, 1922; Li and Caldwell, 1966; Nor and Tabatabai, 1977) under

aerobic conditions.

Nor and Tabatabai (1977) detected thiosulfate (S2032-) as one of

the intermediates during S° oxidation. Since rhodanese converts

S2032- to S032-, it was hypothesized that it has a function in S°

oxidation. Tabatabai and Singh (1976) detected rhodanese activity in

aerobic soils, and later Ray et al. (1985) reported rhodanese activity

in flooded soils.

There is relatively little information on the influence of

temperature and water potential on rhodanese activity in relation to

S° oxidation. Further investigation is needed because rhodanese

activity could possibly be used as an index of S° oxidation potential

in soils.

Conditions during storage and pretreatment of soil greatly affect

rhodanese activity. Singh and Tabatabai (1978) reported that

rhodanese activity in field moist samples did not change much under

storage at -20 C or -5°C for two months but air-drying of field moist

soils resulted in a marked decrease of rhodanese activity. Once

air-drying is completed, further reduction in soil enzyme activity is

usually minimal, even for extended periods of time (Skujins, 1967).
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Therefore, the objectives of this chapter were to: (1)

determine the effect of S° concentration on rates of S° oxidation.

(2) determine the effect of incubation time on S° oxidation or

rhodanese activity. (3) determine the effect of temperature and

moisture on S° oxidation or rhodanese activity.
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MATERIALS AND METHOD

The soils used were surface (0-15 cm) samples (Table 1.1), which

varied in chemical and physical properties. The Amity, Woodburn, and

Newberg soils are alluvial Willamette valley floor soils,

characterized as a poorly drained terrace soil, moderately

well-drained broad terrace soil and excessively drained flood plain

soil, respectively. The Jory soil is a highly weathered, well-drained

soil formed in colluvium. The Walla Walla soil is a well drained soil

formed in loess, with Walla Walla-P and Walla Walla-W sampled near

Pendleton and Wasco, Oregon, respectively. The Quincy soil is

excessively drained and formed in eolian or alluvial material on

upland terraces in north central Oregon. Before use, the field-moist

soils were passed through a 2-mm screen, mixed thoroughly, and divided

into two portions. One portion was air-dried at room temperature for

48 h, and the other was stored in a polyethylene bag in a refrigerator

at 4°C. The pH was determined with a glass electrode (soil:water

ratio 1:2), soil texture by the hydrometer method (Gee and Bauder,

1986), soil water characteristic curve was measured by ceramic

pressure plate, total nitrogen by the Kjeldahl method (Bremner and

Mulvaney, 1982), total phosphorous by the method of Dick and Tabatabai

(1977), total S by alkaline oxidation (Tabatabai, 1982), and total C

was determined by combustion in a Leco C analyzer. Microbial biomass

C was determined on a 12 g (fresh wt.) soil sample that was fumigated

overnight in ethanol-free CHC13 vapor (Jenkinson and Powlson, 1976),

and the CHC13 was removed by repeated evacuations. The samples were



Table 1.1. Chemical and physical properties of soils used in S° oxidation and rhodanese experiments.

Soil series Classification
Organic

pH
Biomass Total Total Total

C S N P Clay Sand

g kg-1

Amity (Argiaquic Xeric Argialboll) 5.47 29.9 0.491 0.267 1.71 1.89 269 60

Woodburn (Aquultic Argixeroll) 5.48 20.9 0.348 0.174 1.25 2.32 236 61

Jory (Xeric Haplohumult) 5.33 32.7 0.445 0.262 2.40 1.92 460 146

Newburg (Fluventic Haplumbrept) 5.14 8.5 0.154 0.101 0.60 0.76 123 482

Walla Walla-P (Typic Haploxeroll) 5.5 10.1 0.063 0.104 0.76 0.76 140 130

Walla Walla-W 6.5 9.2 0.163 0.089 0.77 0.66 130 300

Quincy (Xeric Torripsamment) 5.9 4.9 0.185 0.112 0.41 0.82 30 890
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incubated at 25°C in sealed tubes fitted with septa to enable gas

samples to be taken after 10 d. The CO2 concentration was measured by

gas chromatography. Biomass C was estimated using a k of 0.41

(Anderson and Domsch, 1978).

S° was ground and passed through 0.149 mm screen, oven dried and

stored in a desiccator. Soil moisture was determined by the microwave

method (Miller et al., 1974).

In the S° oxidation incubation experiments, a 20 g sample of soil

(<2 mm) was placed in a 250 mL container and treated with S° to give

the desired S concentration. The S was then thoroughly mixed with

the soil by using a thin rod, and deionized water was added to bring

the moisture content to 60% water-holding capacity (WHC). The

container was stoppered, and then incubated for the desired times and

temperatures. To determine the effect of soil moisture and

temperature on S° oxidation, soils were preincubated (except for

air-dry treatment) one week at -0.1 MPa water potential, then adjusted

to desired water potential and incubated at desired temperature for

one week. Unless otherwise specified, all incubations were carried

out on air-dried soils, S° was applied at 500 mg S° kg-1 soil and the

incubation temperature was 23°C. During incubation, free water was

kept in the incubator to maintain humidity. Soil moisture was

maintained gravimetrically and containers were aerated every two days

to maintain an adequate 02 supply. Controls were run under the same

conditions but with no S° amendment. The S° oxidation potentials were

estimated by S042--S accumulated in S° treated soils minus the S042--S

accumulated in the controls.
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After incubation, the stopper was removed and 100 mL of 500 pg P

mL-1 Ca(H2PO4)2 solution was added (soil:solution ratio, 1:5), and

mixed thoroughly with the soil. The bottle was stoppered, shook on a

rotating shaker for 1 h. The soil mixture was filtered and the

extract was analyzed for SO4-S by ion chromatography (Nor and

Tabatabai, 1977).

To determine the effect of soil moisture and temperature, S° or

S042- on rhodanese activity, a 4-g sample of soil (<2 mm) was placed

in a 50 mL container and treated with 500 mg S kg-1 soil or varying

rates of S042- followed by an incubation procedure as outlined for the

S° oxidation procedure above. After incubating at the desired soil

moisture and temperature, rhodanese activity was measured by the

method of Tabatabai and Singh (1976), which involves the incubation of

4-g air-dry soil with buffered 52032- and CN- solutions (0.05 M THAM,

pH 6.0) and toluene at 37°C. After 1 h, CaSO4- formaldehyde solution

was added, the suspension was filtered, and SCN- was determined

colorimetrically. The controls were performed by the same procedure

for rhodanese activity, but the CN- solution was added after the

incubation along with addition of CaSO4- formaldehyde solution. Unless

otherwise specified, all incubations were carried out on air-dry soils

and in duplicate. All analyses are an average of duplicate

determinations and based on a dry weight.
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RESULTS AND DISCUSSION

Effect of S° Concentration on S° Oxidation

Sulfate accumulation during a seven day incubation was linear

with S° concentration ranging from 500 to 4,000 mg S° kg-1 soil in

Walla Walla-W (Fig. 1.1). In the case of Jory and Newberg, there was

linear relationship of S042- accumulation up to 1000 mg S° kg-1 soil.

SO4-S accumulation in Walla Walla-P increased linearly up to 500 mg S

kg-1 soil, then kept nearly constant after that. Newberg, Jory and

Walla Walla-W had higher rates of S° oxidation (>170 mg S042--S kg-I

soil 7 d-l) than the Walla Walla-P soil which never exceeded 27 mg

S042--S kg-1 soil 7 d-1, regardless of S° rate.

At lower concentrations of finely divided S°, the S° oxidation

rate is linear because the reaction is only limited by initial

chemical solubilization and the availability of substrate rather than

by the oxidation capacity of the microbial population. As S°

concentration increases further, for some soils, the rate of S°

oxidation changes because some other factor becomes limiting. This

could be due to limited biological activity or certain chemical

properties of a given soil.

The reason Walla Walla-P was nonlinear beyond 500 mg S° kg-1

soil is probably related to soil microbial biomass which was much

lower than that of the other three soils (2.6 to 8 time less biomass

C) (Table 1.1). These observations are consistent with Chapman (1989)

who also did not find linearity of S° oxidation rates and S

concentration for all soils and with Lawrence and Germida (1988) who
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found a linear relationship between S oxidation and microbial

biomass. Conversely, Janzen and Bettany (1987a) found linearity up to

4000 mg S° kg-1 soil but they only investigated two soils. Linearity

of these factors is important because it is difficult to accurately

weigh and mix S°, and measure 5042- produced in lab incubations when

actual field rates of S° are used (<100 mg S° kg-1 soil). Thus higher

S° application rates that are linear with lower rates allows lab

estimations of S° oxidations under field conditions by extrapolating

results from higher to lower S° application rates. Because this

relationship was linear up to at least 500 mg S° kg-1 soil, this rate

was used in all subsequent experiments.

The above results showed that S° oxidation potential varied among

soil types. Thus in soils with low S° oxidation potential, such as

the Walla Walla-P, high rates of S° application would not be an

appropriate way to increase the availability for plant uptake of S

from S°. In such a soil, applications of S042- may be necessary the

first year S° is applied to ensure that plant requirements are met in

S deficient soils.

The Effect of Air-drying on S° Oxidation and Rhodanese Activity

Air-drying immediately decreased rhodanese activity 14 to 34%

(avg. 22.6%) in the four soils tested (Fig. 1.2). These results are

similar to Singh and Tabatabai (1978) who found decreases in rhodanese

activity due to air drying ranging from 8 to 41% (average 29%). With

the exception of dehydrogenase which is only active in viable cells,

most of the soil enzymes that have been studied are thought to exist

in both active microbial cells and as free enzymes complexed and
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protected for extended periods in the clay and organic matter

(Skujins, 1967). The Jory soil decreased the most in rhodanese

activity during air-drying (34%). This suggests that Jory may have a

greater proportion of its rhodanese activity associated with the

viable microbial population which would be readily denatured during

soil desiccation.

Figure 1.2 contrasts the effects of air drying of soils on Sa

oxidation and rhodanese activity. Where as air drying consistently

decreased rhodanese activity in all four soils tested, Sa oxidation

actually increased in the Woodburn and Newberg soil. This contrasts

with Nor and Tabatabai (1977) who found that in five Iowa soils, air

drying decreased rates of Sa oxidation ranging from a 3 to 22%

decrease. Bollen (1977) reported that in three of the six air-dried

soils, rates of Sa oxidation were actually higher after 54 years

storage. This indicates that some of the S oxidizing microorganisms

seem to withstand long periods of drought and can be reestablished

when adequate soil moisture becomes available. Apparently rewetting

the Woodburn and Newberg soils stimulated the growth of S oxidizing

microorganisms but this increased biological activity was not related

to rhodanese which decreased in activity with air drying on these two

soils.

The Effect of Incubation Time on Sa Oxidation and Rhodanese Activity

Sulfate accumulation increased with time in the presence of Sa

(Fig. 1.3). Sulfate S accumulation in the presence of SO reflects the

net effect of Sa oxidation, S mineralization and immobilization. Net

S042- immobilization and mineralization are likely quite low relative
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to S° oxidation in the soil. Therefore SO4-S accumulation should

provide a reasonable index of S* oxidation.

SO4-S accumulation rates were very different among the four soils

tested. In air-dry Woodburn soil, SO4-S accumulation was much faster

and resulted in an accumulation of 273 mg S042--S kg-1 soil compared

to the other three soils which were less than 85 mg S042--S kg-1 soil

in a 28 d incubation time. This means that over 50% of the applied S°

was oxidized in Woodburn but less than 17% of it was oxidized in the

other soils during a 28 d incubation (Fig. 1.3A). Similar results

were found in moist soils (Fig. 1.3B).

Figure 1.4A shows the rate of S° oxidation per day (averaged for

each 7 or 14 d incubation period). S
0

oxidation rates reached the

maximum at the second week, then started to decrease for three of the

four soils. The exception was Amity which reached its maximum at the

first week. In comparing S° oxidation rates and rhodanese activity

(Fig. 1.4) Newberg and Jory were quite consistent. They both had

similar and relatively low rates of S° oxidation and rhodanese

activity. Conversely Woodburn had high S* oxidation rates but low

rhodanese activity where as Amity was just the reverse of this (Fig.

1.4). This is surprising because based on soil properties, Woodburn

and Amity are more similar to each other (both being alluvial soils

and have the same parent material) than the other two soils. Jory is

a highly weathered soil found in higher landscape positions where as

the Newberg soil is relatively young alluvial soil with much lower

organic matter and clay content and higher sand content than the Jory.

Since all of these soils were taken from areas that have never been

cultivated, these difference can not be attributed to past
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agricultural practices, including applications of S°. In addition,

there does not appear to be a pH effect since all four soils were

quite similar. This indicates that S° oxidation may not be closely

related to rhodanese activity or that its importance may vary with

soil type. A study by Ray et al. (1985) provides information that is

relevant to these observations. They demonstrated that one of the

four soils they tested showed high rhodanese activity under flooding

conditions, but low rhodanese activity under aerobic conditions, where

as the other three soils were just the opposite. This result

suggested that some organisms adapted to anaerobic conditions have

higher rhodanese activity. This would coincide with my study, since

Amity is a somewhat poorly drained soil. Further more detailed

investigations on a wider range of soils are needed to verify these

results.

Rhodanese activity decreased with incubation time (Fig. 1.4B).

After 28 d incubation in the presence of S°, rhodanese activity

decreases ranged from 78 to 91% and 73 to 85% in air dry and moist

soils, respectively (data not shown for moist soils). Without S°,

decreases ranged from 67 to 72% and 57 to 71%, in air dry and field

moist soils, respectively (data not shown).

Amendment of soils with S° depressed rhodanese activity (Fig.

1.5A). To test whether the end product, S042- was suppressing

rhodanese activity, a subsequent experiment was conducted where soils

were amended with K2SO4. Again there was a reduction in rhodanese

activity in three of the four soils tested (Fig. 1.5B). To exclude

the possibility of a carrier cation (K +) effect, another experiment

was conducted using Na2SO4. Similar results were obtained with Na2SO4
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as with K2SO4 (data not shown), which indicates that the suppressing

of rhodanese activity was related to S042-. In addition, Tabatabai

and Singh (1976) demonstrated that S032- strongly inhibits rhodanese

activity, thus this could be another mechanisms for rhodanese

inhibition during S° oxidation. However, 5032- is very unstable and

transitory and has not been found at detectable levels in soils (Nor

and Tabatabai, 1977). Tabatabai and Singh (1976) demonstrated that

addition of S042- during the rhodanese assay had no direct effect on

rhodanese activity. Therefore the reduction in rhodanese activity due

to S042- in this study is due to end product repression not end

product inhibition, i.e. synthesis of the rhodanese enzyme in soil is

reduced in the presence of S042-. Alternatively, 5042- may cause

faster degradation of rhodanese during incubation.

Effect of Temperature and Moisture on S° Oxidation and Rhodanese

Activity

The response of S° oxidation to soil water potential and

temperature was a function of soil types (Fig. 1.6 and 1.7). The

optimum temperature for S° oxidation was in the range from 25 to 30°C

with soil moistures of -0.01 to -0.02 MPa among the four soil types

tested (Fig. 1.6 and 1.7). There was a large increase in SO4-S

accumulation with temperature increases from 20 to 25°C (Jory,

Woodburn and Quincy) and 20 to 30°C (Newberg) with water potentials of

-0.02 (Jory and Woodburn) and -0.005 to -0.1 MPa (Quincy and Newberg).

As soil water potential decreases, the optimum SO4-S accumulation

tends to occur at a higher temperature. For example, at -0.1 MPa, the

highest SO4-S accumulation is 40°C for all the soils used. S°
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oxidation in air-dry soils was very low and differences in S°

oxidation due to temperature were insignificant for all the soils.

Similar results were reported by Janzen and Bettany (1987b), who

reported that for S° oxidation the optimum temperature was about 30°C

and the optimum water potential was near field capacity, except in two

soils with extreme moisture retention capacities: a sand (>-0.01 MPa)

and a clay (-0.27 MPa).

Soil texture seems to be an important factor on the effect of

water potential on SO oxidation. In silty loam and silty-clay loam

soils (Amity, Woodburn and Jory) (data not shown for Amity), the

optimum water potential was -0.02 MPa at temperatures ranging from 10

to 30°C for S° oxidation. As sand content increased, the optimum

water potential increased for S oxidation which was -0.01 MPa for

Newberg (48% sand) and -0.005 to -0.01 for Quincy (89% sand) soil. At

40°C, less water was needed for optimum S° oxidation: -0.1 MPa for

Amity, Woodburn and Jory; -0.02 MPa for Newberg; and -0.01 MPa for

Quincy.

The parabolic relationship between S° oxidation and soil water

potential reflects the interactive effects of aeration and water

availability (Burns, 1967). At low moisture content, S° oxidation is

limited by insufficient water for microbial activity and reduced

accessibility of the S° particles, which are very hydrophobic (Nevell

and Wainwright, 1987). At high soil moisture content, oxidation will

be limited by reduced air-filled porosity (Janzen and Bettany, 1987b).

According to Papendick and Campbell (1981), the apparent diffusion

rate of gas at -0.005 MPa is approximately 10 times higher in sand

than in clay. Thus the differences of optimum water potential for 8
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oxidation among the soils is a function of aeration, which is

positively related to air-filled porosity and negatively related to

volumetric moisture content. Because the fraction of the pore space

occupied by water at any potential is much higher in a fine-textured

soil than in a coarse-textured soil, oxygen will become limiting at a

much lower water potential in a fine-textured soil than in a coarse

soil. Thus, reduced aeration is much more likely to limit S°

oxidation in fine-textured soils than in coarse-textured soils.

Similar results were reported by Janzen and Bettany (1987b). Their

studies demonstrated that the maximum rate of S oxidation occurred at

approximately -0.27 MPa in the very fine-textured clay soil, -0.03 MPa

in the medium textured soils and -0.01 MPa in the coarse-textured soil

at temperatures ranging from 3 to 30°C, which is comparable to the

results of my study.

The effect of temperature and water potential on rhodanese

activity was determined by incubating soils for seven days in the

presence of 500 mg S° kg-1 soil at a set temperature and water

potential followed by the rhodanese assay conducted at 37°C. In other

words this experiment tested the effect of temperature and water

potential on synthesis of rhodanese in soils.

Because the rhodanese activity was similar for the incubation

temperatures of 10 to 20°C range and also for the 25 to 30°C range,

the averages of each of these two temperature ranges is presented in

Figure 1.8. It seems that a longer incubation period may be needed to

further differentiate the temperature effect on rhodanese activity.

The results of two of five soils are shown in Figure 1.8 which

represent the two general responses that were found in the soils.
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There was a trend that the coarse textured soils such as Quincy,

decreased in rhodanese activity with decreasing water potential

(decreasing water content) when temperatures ranged from 10 to 30°C.

Conversely fine-textured soils such as Jory increased in rhodanese

activity with decreasing water potential when temperatures ranged from

10 to 40°C (Fig. 1.8).

The coarse-textured soil (Quincy) probably responded to optimum

moisture levels with a corresponding increase in microbial activity

because it has high sand content (>89% sand) and low in organic matter

which in turn would likely mean that it has a low background level of

free enzymes. Thus increasing water potential would promote microbial

growth which in turn would promote the synthesis of rhodanese in this

soil. Conversely the other soils higher in clay and organic matter

would have a greater amount of their rhodanese associated with free

enzymes. Therefore rhodanese activity for these soils decreased with

increasing soil moisture and microbial activity, possibly because

degradation of free enzymes increased during the one week incubation.

The effect of temperature and water potential are strikingly different

for S oxidation and rhodanese activity. S oxidation had a distinct

optimum of temperatures ranging from 25 to 30°C and at a water

potential of -0.005 to -0.02 MPa. Conversely, rhodanese activity did

not show a hyperbolic response to temperature and water potential.

This suggests that the increased rate of S° oxidation under optimum

condition is not closely linked to the synthesis of rhodanese.
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CONCLUSIONS

The results of the experiments discussed above suggest that there

are other enzyme systems and potentially alternative pathways which

are more influential on S° oxidation than rhodanese. The reasons can

be summarized as follows:

1. Rates of S° oxidation changed over time without a

corresponding change in rhodanese activity.

2. Among the four soils tested, Woodburn showed much higher rates

of S° oxidation than the other three soils, but Amity had the highest

rhodanese activity.

3. S° oxidation had a hyperbolic response to moisture and

temperature with optimums of about -0.005 to -0.02 MPa and 25 to 30°C

depending on soil types. Rhodanese activity did not follow such a

pattern with more of a linear response to water potential, that either

decreased or increased with soil water potential as a function of soil

type and temperature.
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CHAPTER II

Sulfur Oxidation and Rhodanese Activity

in Relation to Soil Chemical Properties
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ABSTRACT

The relationship of elemental S (S°) oxidation and rhodanese

activity in relation to soil properties is not well understood. This

study investigated the effect of 26 soil properties, soil

sterilization and soil acidification in relation to S° oxidation and

rhodanese activity in soils. Thirty three soils were used, including

27 major soils of Oregon and six major soils of Guizhou and Hainan

province, People's Republic of China.

S° oxidation was determined by amending each soil with 500 mg S°

kg-1 soil followed by S042- determination after a seven day

incubation. S° oxidation varied widely among the 33 soils ranging

from 0 to 143 mg S042--S kg -1 soil 7 d-1. Rhodanese activity also

varied widely among 33 soils ranging from 22 to 2109 nmoles SCN- g-1

soil h-1. S° oxidation was higher in alkaline soils than in acid

soils with a correlation coefficient of 0.66*** for S° oxidation and

soil pH. Although rhodanese activity tended to be higher in acid

soils, it was not significantly correlated to soil pH (r=-0.30).

S° oxidation in sterile soils, or apparent S° oxidation (ASO),

ranged from 0 to 6.9 (avg. 1.2) mg S042--S kg-1 soil 7 d-1, which was

0 to 78% (avg. 3%) of the total S° oxidation. Rhodanese activity in

sterile soils, or apparent rhodanese activity (ARA), ranged from 0 to

94 (avg. 24) nmoles SCN- g-I soil h-1, which was 0 to 80% (avg. 11.9%)

of the total rhodanese activity.

Preliminary correlations using all soils showed few significant

correlations between soil properties and S° oxidation or rhodanese

activity. Separate regression analysis on factors within two groups
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of soils above and below pH 6 revealed many significant correlations

of S° oxidation or rhodanese activity with soil properties. This

indicated that the mix of microorganisms that are involved in S°

oxidation and rhodanese activity are probably different and require

different growth conditions as a function of soil pH. In soils with

S° oxidation was significantly correlated only with soil pH

(r=0.53*), but rhodanese appeared to be repressed by S042-, Cl- and B

which were significantly negatively correlated with rhodanese

activity. In soils with pH>6, rhodanese activity was closely related

to properties that relate to microbial activity because it was

significantly correlated with biomass C, total C, total N and organic

P. In addition, significant positive correlations with Cu2+ and Zn2+

suggested that these metals activate rhodanese activity in these

soils. At pH>6 S° oxidation was not correlated with biomass C but was

positively correlated to soil pH, total S, total C and S042-.

Twenty of the 33 soils showed a pH decrease of less than 0.1

after a one week incubation of each soil amended with 500 mg S° kg-1

soil. However another five soils showed pH decrease of 0.5 to 1.55

which was related to their relatively high S° oxidation rate and low

buffering capacity. Biological S° oxidation (total S° oxidation minus

ASO) was negatively correlated with pH change for soils with pH:56 but

no such significant relationship was found on soils with pH>6. This

suggested that extreme acidity may be inhibiting S oxidation but this

effect of pH change was not found for rhodanese activity.
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INTRODUCTION

Detection of rhodanese activity in soils (Tabatabai and Singh,

1976) suggests that it has a role in S° oxidation in soils because it

catalyzes the conversion of S2032- to S032- which are proposed

intermediates during oxidation of S° (Wainwright, 1984). Studies of

rhodanese activity in a limited number of soils has given conflicting

results in relation to S° oxidation (Wainwright, 1984; Ray et al.,

1985). Preliminary evidence in Chapter I suggested that there was no

consistent relationship between rates of S° oxidation and rhodanese

activity among the limited number of soils tested. Although

temperature and soil moisture have a strong influence on S oxidation

(Nor and Tabatabai, 1977; and Janzen and Bettany, 1987a), results from

Chapter I indicated that the response of S° oxidation and rhodanese

activity to temperature and soil moisture was not consistent.

.

S oxidation and rhodanese activity have been detected in

sterilized soils (Wiklander et al., 1950; Nor and Tabatabai, 1977;

Tabatabai and Singh, 1976) suggesting that chemical or apparent S°

oxidation (ASO) and chemical or apparent rhodanese activity (ARA) are

possible. But little information is available on the relationship of

ASO and ARA, and how these two factors relate to soil chemical

properties, soil S° oxidation potential and rhodanese activity.

There is very little information relating soil properties to S

oxidation and rhodanese activity. Lawrence and Germida (1988) in a

study that did not include rhodanese activity, showed significant

correlations between S° oxidation and biomass C or certain soil
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properties and concluded that the size and activity of the microbial

biomass determined the rate of S° oxidation in agricultural soils.

Soil pH has been reported as an important factor in S oxidation

(Vitolins and Swaby, 1969; Nor and Tabatabai, 1977; Germida et al.,

1985), but little information is available on the effect of soil pH

buffering capacity in relation to S° oxidation and rhodanese activity.

This would be important because S° oxidation is an acidifying process

(Rudolph, 1922; Nevell and Wainwright, 1987; Janzen and Bettany,

1987b) and the relative change in pH may be important in affecting

microbial activity and also the synthesis and efficiency of a soil

enzyme such as rhodanese.

The objectives of this chapter are:

(1) Determine the effect of soil sterilization on S° oxidation

and rhodanese activity in relation to soil properties.

(2) Determine the relationship between S° oxidation and rhodanese

activity as influenced by soil properties.

(3) Determine the effect of S° oxidation on soil acidification in

relation to S° oxidation rates.
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MATERIALS AND METHODS

The soils used (Table 2.1) were surface (0-15 cm) samples.

Twenty seven soil samples that represent major soil types in Oregon

and six major soil types in Guizhou and Hainan province, People's

Republic of China were selected to include a wide range of chemical

and physical properties. They were passed through a 2-mm sieve in the

field-moist condition and then air-dried at room temperature for 48 h

by spreading in a thin (1-2 mm) layer on clean paper in the

laboratory.

Soil moisture content, pH, soil texture, total phosphorous, total

S, total carbon and microbial biomass C were determined by the methods

described in Chapter I. Inorganic P and organic P were determined by

the method of Olson and Sommers (1982), carbon-bonded sulfur (S) by

the method of Tabatabai (1982), extractable S042--S was extracted with

Ca(H2PO4)2 (500 pg P mL-l) and determined by methylene blue method

(Tabatabai, 1982), and hydroiodic acid reducible sulfate (HI-S) by the

method of Tabatabai (1982). Ester sulfate was determined by the

difference between HI-S and extractable S042--S. Iron, Zn2+, Cu2+ and

Mn2+ were extracted by EDPA and Al3+ was extracted with 1 M KC1 and

all these cations were on an atomic absorption spectrophotometer.

Chloride was extracted with deionized water (1:10), filtered and

determined by ion chromatography. Boron was extracted by

mannitol-calcium chloride and determined colorimetrically by the

azomethine-H method (Bingham, 1982).

S° oxidation potentials were determined by amending 20 g soil

with 500 mg S° kg-1 soil, and adjusting soil moisture to 60% water
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Table 2.1. Properties of soils.

Organic Total Total Total
Soil pH C S N P Clay Sand Porosity

g kg-1 soil

Oregon soils

cm3/cm3

Agency 5.7 10.5 0.186 1.072 0.778 210 370 0.58
Alicel 6.6 15.7 0.135 1.095 0.604 140 510 0.63
Amity 5.5 29.9 0.267 1.710 1.807 270 60 0.65
Carney 6.2 21.0 0.210 1.372 0.657 600 240 0.51
Coker 6.4 20.4 0.183 1.470 0.425 280 370 0.62
Era 6.5 13.9 0.178 1.333 0.764 170 380 0.60
Fordney 6.2 4.3 0.056 0.459 0.437 60 870 0.46
Fort Rock a 7.4 5.5 0.084 0.546 0.478 60 720 0.60
Fort Rock b 6.8 5.5 0.093 0.491 0.465 90 750 0.62
Hoopal 9.6 14.1 0.322 1.060 0.695 160 400 0.68
Imbler 6.1 13.0 0.107 0.953 0.442 90 620 0.63
Jory 5.3 32.7 0.262 2.400 1.923 460 150 0.64
LaGrange 8.1 20.9 0.206 1.615 0.685 160 400 0.62
Madras 5.3 10.0 0.150 0.870 0.681 180 400 0.60
Medford 5.8 19.3 0.176 1.470 0.575 170 350 0.54
Metolius 5.8 13.8 0.171 1.320 0.439 130 580 0.62
Newberg 5.1 8.5 0.101 0.600 1.458 120 480 0.55
Northrup 4.6 125.0 0.921 8.995 1.959 440 140 0.74
Nyssa 6.9 9.5 0.140 1.050 0.670 230 160 0.60
Owysha 6.8 9.1 0.150 1.130 0.797 290 130 0.58
Quillayute 5.1 117.0 0.849 7.995 2.324 290 80 0.73
Quincy 5.9 4.9 0.112 0.410 0.821 30 890 0.50
Shano 7.4 5.8 0.068 0.577 0.834 80 350 0.55
Stanfield 10.4 9.7 0.474 0.810 1.285 110 310 0.57
Walla Walla-P 5.5 10.1 0.104 0.760 0.760 140 130 0.56
Walla Walla-W 6.5 9.2 0.089 0.765 0.659 130 300 0.54
Woodburn 5.5 20.9 0.174 1.250 2.320 236 61 0.63

Chinese Soils

CH1 4.11 NDt 0.492 1.860 0.657 710 80 ND
CH2 7.75 50.0 0.453 1.750 1.403 380 180 0.58
CH3 6.77 65.0 0.560 4.230 0.763 520 40 0.60
CH4 7.20 51.0 0.552 2.600 1.300 530 130 0.63
CH5 4.41 15.0 0.700 0.990 0.942 750 60 0.67
CH6 5.14 8.0 0.639 0.430 0.613 820 40 0.64

tNot determined
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holding capacity (WHC) and incubating for 7 d at 23°C. After

incubation, the stopper was removed and 50 mL water was added

(soil:water ration, 1:2.5), and mixed thoroughly with the soil. After

45 min the pH of soil was measured by a glass electrode. An

additional 50 mL of 1000 pg P mL-1 Ca(H2PO4)2 solution was added to

each container to provide a final concentration of 500 pg P mL-1

Ca(H2PO4)2. The bottle was stoppered, shook on a rotating shaker for

1 h and the extractable S042--S was determined by ion chromatography.

Rhodanese activity in soils was determined by the method of Tabatabai

and Singh (1976). Chemical S oxidation was performed on soil that

had been autoclaved at 121°C and -0.6 MPa, three times at 24 h

intervals. The soils were autoclaved for 30 min the first day and for

15 min on day two and day three. Relatively short and repeated steam

sterilizations were conducted because this has been shown to be

effective in sterilizing soil but minimizes changes in chemical

properties due to steam sterilization (William-Linera and Ewel, 1984).

After steam sterilization, the soils were treated with S° (500 mg S°

kg-1 soil), which had been prepared as described in Chapter I and

sterilized by fumigation with CHC13 (Parkinson and Paul, 1982). Soil

moisture was adjusted to 60% WHC with sterile deionized water and then

incubated for seven days followed by extraction and determination of

S042- as outlined above for S° oxidation potential. Apparent

rhodanese activity (ARA) was determined by autoclaving the soil for 30

min at 121°C and -0.6 MPa and then assaying for rhodanese. All

glassware and lab utensils used to determine ASO and ARA were steam

sterilized and all setup procedures were conducted in a sterile hood.

To check for sterility of the soils and S° after steam sterilization,



64

soil were shook in LB broth for 48 h at 30°C and then LB agar was

innoculated and incubated for 36 h at 30°C. No growth was noted on

the agar.

Correlation analysis assumes the parameters being correlated are

normally distributed. All soil properties, rhodanese activity, S°

oxidation rates, ARA and ASO were checked for normality and only soil

bulk density was normally distributed. Most of these parameters were

normally distributed after a log transformation with the remaining

being normally distributed after a natural log or inverse

transformation. Prior to any correlation each parameter was

transformed appropriately so that its normally distributed population

was used during the correlation analysis.

All the S° oxidation determinations were carried out on air-dry

soils in duplicate. The soil analyses reported are the average of the

duplicate determinations and on a moisture-free basis.
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RESULTS AND DISCUSSION

Effect of Steam Sterilization on S° Oxidation and Rhodanese Activity

Limited evidence suggests that chemical S° oxidation is possible.

Nor and Tabatabai (1977) found that the rates of S° oxidation in steam

sterilized soils were slightly lower than those of air-dried soils.

Since they did not incubate the sterilized soils under sterile

conditions, chemical S° oxidation could not be verified.

Determination of the extent and degree of SO oxidation and rhodanese

activity in sterile soils was conducted on 27 Oregon soils and 6

Chinese soils (Table 2.2). Both S° oxidation and rhodanese activity

were detected in most steam sterilized soils (Table 2.2). This was

termed apparent S° oxidation (ASO) and apparent rhodanese activity

(ARA), respectively. ASO ranged from 0 to 6.9 (avg. 1.2) mg SO4-S

kg-I soil 7 d-1, which was 0 to 15% (avg. 3%) of total S° oxidation.

Apparent rhodanese activity (ARA) ranged from 0 to 94 (avg. 24)

nmoles SCN- g-1 soil h-1, which was 0 to 80% (avg. 11.9%) of the total

rhodanese activity (Table 2.2). Of the 33 soils, 23 had 10% or less

of the rhodanese activity associated with ARA which is comparable to

Tabatabai and Singh (1976) who reported that five Iowa soils had 0.6

to 10% of the total rhodanese activity associated with ARA. Chemical

rhodanese activity or ARA may be due to the following reaction

reported by Singleton and Smith (1988):

Spontaneous
S2032- + CN- > SCN- + S032- (1)

They demonstrated that half of the rhodanese activity assayed in pure

culture of Thiobacillus was from ARA. The proportion of ARA to

rhodanese activity, however, showed wide variation among soils in my



66

Table 2.2. Total and apparent S° oxidation, total and apparent
rhodanese activity and pH change due to S° oxidation in 27
Oregon soils and six Chinese soils.

Soil

Total
S°

oxidation

Apparent
S°

oxidation

Total
rhodanese
activity

Apparent
rhodanese
activity -ApH

mg S042--S kg-1 soil 7 d-1

Oregon Soils

SCN nmoles g-1 soil

Agency 17.3 0.35 (2)t 75 10 (l4)t 0

Alicel 68.0 1.12 (2) 101 6 (6) 0.45
Amity 20.1 0.18 (1) 2109 34 (2) 0

Carney 19.3 2.76 (14) 354 87 (6) 0

Coker 19.9 1.65 (8) 480 35 (7) 0

Era 24.6 1.18 (5) 91 14 (16) 0

Fordney 13.7 0.35 (3) 106 3 (3) 0.31
Fort Rock a 22.5 1.25 (2) 49 0 (0) 0.13
Fort Rock b 14.0 0.72 (5) 48 0 (0) 0.21
Hoopal 40.6 0 (0) 63 24 (38) 0

Imbler 46.5 1.08 (2) 65 0 (0) 0.52
.Tory 12.4 0.01 (0) 305 7 (2) 0

LaGrande 91.9 1.43 (1) 118 36 (31) 0

Madras 30.5 0 (0) 210 12 (6) 0.16
Medford 26.8 1.82 (0) 403 30 (7) 0

Metolius 19.3 0.35 (2) 126 13 (10) 0

Newberg 13.3 0.12 (1) 471 8 (2) 0.15
Northrup 11.0 8.54 (78) 24 20 (80) 0.37
Nyssa 31.0 0.57 (2) 228 23 (10) 0

Owysha 25.0 2.20 (9) 201 15 (8) 0

Quillayute 24.4 0 (0) 22 0 (0) 0

Quincy 51.3 1.52 (3) 35 7 (19) 1.55
Shano 44.6 2.25 (5) 60 12 (19) 0.74
Stanfield 102.5 2.77 (3) 25 0

Walla Walla-P 9.5 0.11 (1) 163 31 (19) 0

Walla Walla-W 30.1 0.69 (2) 110 0 (0) 0.61
Woodburn 39.1 , 0 (0) 393 8 (2) 0.62

Chinese Soils
CH1 14.0 0 (0) 199 20 (10) 0

CH2 142.9 1.31 (1) 561 52 (9) 0.35
CH3 39.1 2.52 (6) 611 68 (11) 0.16
CH4 39.8 1.29 (3) 428 34 (8) 0

CH5 0.0 6.89 1661 94 (6) 0.10
CH6 53.7 0 (0) 797 73 (9) 0

tNumber in parenthesis is percent ASO of the total S° oxidation.
tNumber in parenthesis is percent ARA of the total rhodanese activity.
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study. Since Tabatabai and Singh (1976) could not detect thiocyanate

formation when thiosulfate and cyanide were incubated without soil,

indicates that reaction 1 may require the presence of catalysts which

are present in soils.

Because no direct relationship between S° oxidation and rhodanese

activity was detected in Chapter I, it might be possible that chemical

reactions confounded the results. Thus to isolate the biological

activity, biological S° oxidation (BSO) was estimated by subtracting

ASO from total S° oxidation. Similarly, biological rhodanese activity

(BRA) was estimated by subtracting ARA from total rhodanese activity.

Correlation of BSO and BRA showed no relationship between these

parameters with an r value of 0.02 (Table 2.3). This provides further

evidence that there are other more influential enzyme systems other

than rhodanese that are involved in S° oxidation.

The ARA and rhodanese activity were significantly correlated

which suggests that soil properties conducive for ARA may also be

conducive for biological rhodanese activity. Alternatively it might

indicate that a small portion of the rhodanese enzyme survived

autoclaving. Since a preliminary experiment showed no microbial

growth occurred in soil after 30 min autoclaving and 74 h growth in LB

agar, this small amount of rhodanese activity may be due to rhodanese

protected from denaturing by soil clay, aggregates or organic matter.

Overall soils ASO and ARA were not significantly correlated

(Table 2.3). However, for soils with pH>6, ASO and ARA were

significantly correlated (r-0.49*). This provides evidence that the

reaction of converting 52032- to 5032- is a possible pathway during S0

oxidation under sterile conditions with soil pH>6. Regression of



Table 2.3. Correlation coefficients (r)
apparent rhodanese activity,
total S° oxidation, apparent
oxidation in 27 Oregon and 6

68

for total rhodanese activity,
biological rhodanese activity,
S° oxidation, and biological S°
Chinese soils.

Total
rhodanese
activity

Apparent
rhodanese
activity

Biological Total Apparent
rhodanese S° S°

activity oxidation oxidation

Apparent RA

BRA

Total S°
oxidation

ASO

BSO

0.53***

0.98***

-0.17

-0.08

-0.12

0.58***

0.14

0.30

0.23

-0.05

-0.01

-0.03

0.40*

0.97***

- -

0.21
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total S° oxidation with BSO or rhodanese activity with BRA

demonstrated that they are strongly correlated (Table 2.3), which

suggests the importance of biological activity in relation to S°

oxidation or rhodanese activity.

Relationshi of S Oxidation Rhodanese Activit and Soil Properties

Among the soil properties tested, soil pH is an important

parameter in relation to S° oxidation (Fig. 2.1). S° oxidation was

higher in alkaline soils than acid soils, but ASO was low in all the

soils regardless of soil pH (Fig. 2.1A). The correlation coefficient

of S° oxidation and soil pH is 0.60*** (data not shown). Rhodanese

activity did not significantly correlate to soil pH (r=-0.30) but

tended to be higher in acid soils than in alkaline soils (Fig. 2.1B).

Rhodanese activity showed great variation among soils with standard

deviations of 618, 187 and 216 nmoles SCN- g-1 soil h-1 for soil with

pH156, >6-7, and >7, respectively. This high variation at was due

to a few soils such as Amity which had extremely high rhodanese

activity. ARA was much lower than rhodanese activity in all the

soils, but it tended to be higher in alkaline soils than in neutral to

acid soils (Fig. 2.1B).

These results of increasing S oxidation with increasing soil pH

are consistent with other studies (Vitolins and Swaby, 1969; Nor and

Tabatabai, 1977; Germida et al., 1985; Janzen and Bettany, 1987b).

This may be due to: (1) S° oxidizers growing better in a more

favorable pH environment; and (2) decreases in pH following S°

oxidation which may further inhibit S° oxidizers growth in acid soils
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(see section on S oxidation and soil acidification). Conversely,

organisms that synthesize rhodanese activity seem to be favored in an

acid environment (Fig. 2.1B). The different response of S° oxidation

and rhodanese activity to soil pH is also consistent with results

obtained in Chapter I which demonstrated that there are other more

influential enzyme systems in S° oxidation than rhodanese activity.

Many soil chemical and biological properties are related to soil

pH. Thus the effect of soil pH on S° oxidation and rhodanese activity

may be indirect by its effect on other soil properties.

Correlation using all 33 soils showed relatively few significant

correlations of soil properties with rhodanese activity or S°

oxidation (data not shown). Comparing various groupings of soils

based on pH showed that pH 6 appeared to be a breaking point for

identifying significant correlations of rhodanese activity and S°

oxidation with soil properties. This suggests that, as a function of

pH, there are shifts in the mix of microflorathat are involved in S°

oxidation and rhodanese activity which have different growth

requirements. Therefore, correlations of the various factors were

done on soils with pH:56 (Table 2.4) and those with pH>6 (Table 2.5).

Among soils with pH256, S° oxidation was only significantly

correlated with soil pH (Table 2.4). But BSO was negatively

correlated to soil Cu2+ and ASO was negatively correlated to soil

clay, porosity, total S and Al3+, but positively correlated to HI-S

and B (Table 2.4). The fact that ASO is negatively correlated with

Al3+ and clay content and positively correlated with pH suggests there

may have been some irreversible adsorption of the small amount of

S042- produced during ASO. Conversely, it may reflect that as pH
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Table 2.4. Correlation coefficients (r) of total rhodanese activity,
apparent rhodanese activity, biological rhodanese activity,
total S° oxidation, apparent S° oxidation, and biological
S° oxidation with soil properties for soils with pH 76.0.
(n=15)

Total Apparent Biological Total Apparent Biological
rhodanese rhodanese rhodanese S° S° S°

activity activity activity oxidation oxidation oxidation

Clay 0.37 0.50 0.29 -0.38 -0.74*** -0.07
Bulk density 0.10 -0.06 0.19 0.29 0.75*** -0.11

PH -0.10 -0.33 -0.01 0.53* 0.68* 0.18
Total S -0.07 0.30 -0.15 -0.23 -0.57* 0.24
C-bond S -0.66** 0.38 -0.71*** 0.13 0.35 0.18
HI-S -0.10 -0.41 -0.03 0.26 0.61* -0.15
SO4 -0.74** -0.07 -0.75* 0.18 0.27 0.33
Cl- -0.57* -0.21 -0.52* 0.37 0.32 0.43
Al3+ -0.16 -0.19 -0.24 -0.38 -0.58* -0.28
Cu2-1- 0.40 0.02 0.44 -0.36 0.09 -0.72**
Fe2-1- -0.41 -0.59* -0.44 -0.10 0.28 -0.42
B -0.52* -0.54* -0.53* -0.21 0.69** -0.11
ApH 0.43 0.37 0.44 -0.38 -0.33 -0.60*
porosity -0.22 0.06 -0.35 -0.29 -0.75*** 0.11

*,**,***,Significant at <0.05, <0.01, <0.001, respectively.
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Table 2.5. Correlation coefficients (r) of total rhodanese activity,
apparent rhodanese activity, biological rhodanese activity,
total S° oxidation, apparent S° oxidation, and biological
S° oxidation with soil properties for soils with pH >6.
(n-18)

Total
rhodanese
activity

Apparent
rhodanese
activity

Biological
rhodanese
activity

Total Apparent Biological
S° S° S°

oxidation oxidation oxidation

Clay 0.86*** 0.72*** 0.84*** 0.13 0.37 0.0
Sand -0.69** -0.63*** -0.74*** -0.21 -0.43 -0.14
Silt 0.03 0.29 0.13 0.50* 0.19 0.53*
pH -0.39 0.41 -0.26 0.59* -0.08 0.60**
Total N 0.76*** 0.66*** 0.74*** 0.33 0.34 0.26
Total P -0.20 -0.61** -0.37 -0.63** -0.34 -0.57*
Organic P 0.70*** 0.42 0.78*** 0.03 0.23 -0.02
Total S 0.45 0.81*** 0.64** 0.53* 0.27 0.45
HI-S -0.29 -0.69*** -0.42 -0.58* -0.21 -0.51*
S042--S -0.31 0.59* -0.18 0.66** 0.02 0.63*
Bio C 0.59* 0.23 0.46 0.04 0.32 -0.05
Total C 0.75*** 0.65*** 0.74*** 0.47* 0.30 0.39
Cu 0.87*** 0.44 0.80*** -0.34 0.18 -0.45
Zn 0.83*** 0.46 0.86*** -0.04 0.40 -0.15
Fe 0.60** -0.12 0.52* -0.49* -0.01 -0.53*
Mn 0.68*** 0.11 0.64** -0.25 0.09 -0.29
B -0.23 0.63** 0.30 0.37 0.48* 0.27
ApH 0.14 0.53* 0.17 -0.12 -0.11 -0.15

* ** ***
,Significant at <0.05, <0.01, <0.001, respectively.
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increased other parameters that were not measured such as Ca2+ or Mg2+

may be catalysts for ASO.

In soils with p1.16 rhodanese activity was negatively correlated

to C-bond S, S042-, Cl" and B, but there was a trend of a positive

relationship with pH change. ARA was negatively correlated to soil

Fe3+ and B. BRA showed a similar trend as total rhodanese activity

(Table 2.4).

Sulfate was negatively correlated to rhodanese activity in soils

with p1-16 (r--0.74) (Table 2.4) and there was a similar nonsignificant

trend in soil with pH>6 (Table 2.5). This is consistent with Chapter

I, which demonstrated that 5042- repressed rhodanese activity. The

negative correlation of rhodanese activity and B for soils with pH-56

(Table 2.4) is consistent with a study by Singh and Tabatabai (1978),

who also found that addition of B inhibited rhodanese activity during

the rhodanese activity assay procedure. The negative correlation of

rhodanese activity and Cl- is consistent with study by Roy and

Trudinger (1970), who reported Cl" inhibited mammalian rhodanese

activity. The inhibition has been explained, in part, by an increase

in the ionic strength of the medium (Mintel and Westley, 1966).

Conversely, a study by Singh and Tabatabai (1978) demonstrated that

Cl" activated rhodanese in soils when it was added to the rhodanese

assay.

In neutral to alkaline soils (pH>6.0), total P, HI-S and Fe3+

were negatively correlated to S oxidation, where as silt content, pH,

total S, S042--S, and total C were positively correlated to S°

oxidation (Table 2.5). Again B showed a positive correlation to ASO,
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but not to any other soil properties. BSO trends were similar to

total S° oxidation.

A very strong relationship between rhodanese activity and soil

texture or total C was detected among soils with pH>6. This suggested

that clay and organic matter are important in stabilizing rhodanese.

Soil N , organic P, biomass C, and the elements Cu2+, Zn2+, Fe3+ and

Mn2+ were positively correlated to rhodanese activity (Table 2.5).

These correlations indicate that rhodanese activity was likely related

to microbial activity even though soil biomass C was actually 1.7

times greater in the acid soils than in the neutral to alkaline soils

(Table 2.6). Trace elements, Cu2+, Zn2+, Fe3+ and Mn2+, may influence

rhodanese activity as rhodanese cofactors. Cu2+ can catalyze the

chemical conversion of 52032- to S032- (Tabatabai and Singh, 1976),

and there is evidence that Zn2+ activates rhodanese activity in soils

when Zn2+ is added to the soil during-the rhodanese assay (Singh and

Tabatabai, 1978). Further work is needed to determine the role and

function of these trace elements on rhodanese activity.

S° Oxidation and Soil Acidification

After a one week incubation, S° oxidation caused soil pH changes

ranging from 0 to -1.55 pH units (avg. -0.20) (Table 2.2). Twenty of

the 33 soil tested showed a pH decrease of less than 0.1 pH unit.

Five soils (Imbler, Quincy, Shano, Walla Walla-W and Woodburn) showed

a pH change ranging from -0.5 to -1.55 pH unit. With longer

incubation times, these soil pH decreases probably would be greater.

For example, Woodburn had a pH decrease of -0.62, -1.02 and -1.05 at

7, 14 and 28 d, respectively (data not shown). These results are
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Table 2.6. Selected soil chemical and physical properties for soils
with pH and for soils with >6.0.

Soil with Soil with
pH :56.0 (n=15) pH >6.0 (n=18)

Standard
Parameter Mean deviation Mean

Standard
deviation

g kg-I soil
Clay 329 24.8 227 17.3
Organic C 30.47 39.42 19.6 18.8
Biomass C 0.327 0.300 0.198 0.101
Total S 0.354 0.287 0.225 0.165
HIS 0.262 0.131 0.143 0.134
Ester 5042- 0.112 0.105 0.058 0.020
5042- 0.015 0.011 0.037 0.077
Total N 2.142 2.642 1.294 0.904
Total P 1.209 0.687 0.742 0.299
Inorganic P 7.794 0.496 0.582 0.253

mg kg-I soil

Fe 36.63 52.03 11.17 11.48
Mn 16.86 12.62 13.56 9.52
Cu 0.75 0.36 0.83 0.65
Zn 0.74 0.61 1.32 2.19
B 0.29 0.12 0.54 -0.68
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consistent with Nevell and Wainwright (1987) who found soil pH

decreases ranging from 0.5 to 1.25 pH units following S amendment

after a 35 d incubation. Janzen and Bettany (1987b) found under field

conditions that soil amended with 200 kg S° ha-1 decreased soil pH by

0.3 to 0.6 after two months and by 0.1 to 0.4 pH units after 16

months.

Results from this study indicate that for a majority of soils,

soil acidification will be minimal following S° oxidation. As

mentioned above five soils showed a significant decrease in pH during

S° oxidation. The five soils had fairly high rates of S° oxidation

(>30.1 mg SO42--5 kg-1 soil 7d-1), high sand content (except for

Woodburn which was dominated by a high silt content, 70%) and pH57.4

(Tables 2.1 and 2.2). The strong effect of soil buffering capacity on

soil pH change was further demonstrated by a significant negative

correlation of soil pH change to soil clay content (r=-0.40*) (data

not shown).

Soil pH change was negatively correlated to BSO in soils with

pH-56 (r=0.60*) (Table 2.4). These results are consistent with a study

by Chapman (1989), who reported pH changes of -0.4 to -0.9 pH units

after 20 d incubation and a nonlinear relationship between S°

oxidation and S° application rates at high rates of S° application.

He attributed this nonlinear relationship to reduced biological

activity due to acidification at high rates of S° application. The

same nonlinearity between S° oxidation and S application rates was

found in Chapter I for some soils. The sulfuric acid produced and the

associated acidity during S oxidation might be creating an

unfavorable microenvironment for heterotrophic S oxidizers. Lawrence
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and Germida (1988) demonstrated that these heterotrophs are mainly

responsible for S° oxidation in agricultural soils, which prefer

neutral to alkaline soils (Vitolins and Swaby, 1969). For soils with

pH>6 there was no significant correlation of BSO and pH change (Table

2.5). This would be expected on neutral to alkaline soils because S°

oxidation would not cause the final pH value to be as low as more acid

soils because the initial pH is higher and also alkaline soils would

be highly buffered against pH decreases.

Rhodanese activity was unaffected by changes in pH during S°

oxidation since no significant correlations were found between

rhodanese activity and pH change.
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