前言

蘇格蘭風光明媚，優美的自然風景如草原、湖泊為其最大特色，其中歷史悠久的愛丁堡、遠近馳名的海怪－尼斯湖、高爾夫球場起源地－聖安德魯斯更是每年吸引不少旅遊人潮來此一遊，即使英格蘭過慣忙碌城市生活的人們亦視此地為休閒勝地。而亞伯丁（Aberdeen）雖稱為蘇格蘭第三大城市，實際僅是一個寧靜的小城市，因北海（North Sea）石油的開採而成為蘇格蘭石油運輸的樞紐，而建立其重要之地位。

UK碩士為一年制，分研究（by research）及課程（by course）二種。顧名思義，前者不修學分，但著重論文，後者須修學分，其中課程約佔三分之二，其餘時間則為論文。但即使同校，對於論文、口試的安排，各科系會有不同的處理方式。

我主修的環境科學（Environmental Science）隷屬於亞伯丁大學植物土壤系，亞伯丁大學已有數十年歷史，Department of Plant & Soil 於1988年由植物系與土壤系合併而成，除擁有設備精良的各式實驗室，教師皆具備豐富之野外經驗，其師資及研究於1997年之評鑑等級為優等（Excellent）。從分子科學到環境科學，所排課程往往不僅限單一領域，而跨越各類學門，經課堂傳授、演講及定期論文發表加強學識交流。系所安排的課程除本系主辦者，亦有生態系、森林系、農業系及地質學系等主辦課程，故上課也常與生態學、微生物學碩士班，甚至高年級學生同班，少則十數人，人數多時也高達七、八十人。一年的碩士課程，自九月至翌年五月（扣除聖誕假期、復活假期），實際上課24週，每6週修二門學科，環境科學碩士班須選修8門學科，每門3學分，共24學分，如下所述：

	1- 6 週
	1. Plant Ecology

2. Data Analysis and Project Planning

	  7-12週
	3. Environmental Biotechnology

4. Environmental Remote Sensing

	 13-18週
	5. Soil Microbiology and Microbiology

6. Chemical Analysis

	 19-24週
	7. Impact Assessment & Remediation of Contaminated Environments

8. Soil Biology and Fertility in Tropical and Temperate Environments


因為必須於一年內修完選修課程並完成論文，為爭取時效，在復活節前，即須提出論文理念或大綱，至五月底課程結束，論文（實驗）即可迅速展開。

由於亞伯丁大學在土壤科學上雄厚的背景及個人對重金屬污染之興趣，我選擇以硝化菌、螢光菌測試土壤重金屬污染之效應。值得一提的是我所採用的螢光菌是一種經基因轉植的E. coli 及Pseusomonos，其所產生之螢光會受重金屬毒性或營養鹽之影響而有所消長，可以測試土壤受重金屬污染的程度，此法在英國已使用多年，為一種迅速、簡便且有效之檢測方法，論文內容如附。
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Abstract
Soil nitrification has been reported to be sensitive to heavy metals and may be a suitable index of soil microbial activities to pollutants.  In this study, nitrification measurements and luminescence-based biosensor tests were carried out to assess the pollution impact of metal contaminated soils.  Perfusion-based nitrification was the most sensitive method to examine the toxic response of heavy metal.  Soil nitrification was inhibited by copper, zinc and nickel.  Zinc had strongest influence on nitrification.  The incubation-based nitrification method had no significant response to metal toxicity.  The bioluminescence-based bacterial sensors respond to acute toxicity, but showed no response to the metal contaminated soils.  The aged soils had little evidence of bioavailable metal in the solution phase.  The toxicity of metal pollution was associated with various environmental parameters that functional microbial-based tests are valuable techniques in pollution studies.
Introduction

Nitrification is one part of the nitrogen cycle that occurs throughout the soil.  It involves the oxidation of ammonium, via nitrite, to nitrate.  With increasing industrial development, various kinds of waste and toxic elements accumulate in soils, inhibiting essential soil processes including microbial activity.  The toxicity of heavy metals to soil microbial activities depends upon their bioavailability in soils, and this is related to the free metal forms more than to the total soil metal content.  Free ion activity is the central element responsible for the interactions of toxicity and uptake between metals and organisms（Hare and Tessier, 1996）.  Properties such as pH, organic matter and soil texture, determine the metal activity, and the rate of nitrification as well.  

Because of its importance in soil and its sensitivity to environmental change, many researchers have used nitrification as an indicator of soil pollution from heavy metals（Bhuiya & Cornfield, 1974; Liang & Tabatabai,1977; Quraishi & Cornfield, 1973）.  Liang & Tabatabai（1977）identified 19 trace elements that inhibited nitrification in soils and concluded that the accumulation of trace elements in soils will lead to a reduction in the amount of plant available nitrogen.  Many heavy metals are toxic to microbial processes when present in excess（Dusek, 1995）.  

Recently, in addition to biochemically-based soil tests, bioluminescent bioassays have been developed for detection of soil borne pollutants.  The response of luminescence represents the activity of the bacteria responding to an environmental sample.  These bioassays are rapid and simple, which leading to a variety of environmental investigation（McGrath et al., 1999 ; Ritchie et al., 2001）.  In this paper, biosensors were used to assess the acute toxicity of metals in a Scotish soils.  The results were also compared with earthworm assimilation data for the same soil.  

The objectives of this paper are to discuss （1）to optimize a nitrification bioassay, （2）to assess the effect of heavy metals on nitrification potential under influence of different combination of Zn, Ni and Cu, （3）to use bioluminescence to test the toxicity of these metals, （4）to assess the bioavailability of metals in these soils and the factors influencing their effects.  

Materials and methods

Soil samples

The soil used for this study was Insch association, Insch series from Inschfield farm, Aberdeenshire（Table 1）.  

___________________________      _    
Table 1. Insch-soil characteristics  

Texture               Sandy loam

Sand（%）            57.7

Silt（%）             30.79

Clay（%）            11.51

Organic matter（%）     3.75

pH                     6.1

WHC（%）             69__________  

 （Tiensing et al., 2001）
Each soil was amended with Zn, Ni and Cu at values related to sewage sludge metal qualities (0, 50%, 100% and 200%).  Metal additions were made individually and in combination.  There are 36 combination of soils within the range of copper（0, 67.5, 135, 270 mg/kg）, zinc（0, 150, 300, 600mg/kg） and nickel（0, 37.5, 75, 150 mg/kg）.  Soil was spiked in May 2000.  These soils were preserved at 4℃, and were taken out 2 days before the experiment was carried out.  Each soil was carried out with 3 or 5 replicates.

Nitrification tests

Modified perfusion method 

The soil was mixed with acid washed sand in 2:1 ratio in a plastic bag before adding the ammonium source.   An aliquot of 2.0g Sephedex gel, 0.4g Amberlite, and 20g of sand: soil were added to glass leaching tubes（3.0 cm internal diam.） from base to top.  Sephedex gel controlled the flow rate of the perfusing solution in order to optimise nitrification.  

The amberlite anion exchange resin was used to avoid excess ammonium ions leaching out of the sample.  These layers were separated by glass fibre paper.  

A 100ml aliquot of perfusing solution, which contained 0.5mM（NH4）2SO4 was added into the perfusion tubes, and allow to flow.   During perfusion, the solution was added in 4 aliquots (30ml, 30ml, 20ml, and 20ml) to enable perfusion to be maintained for a 9-hour period.   A reagent, (0.01M NaClO3) was added to the perfusing solution to block the reaction of nitrite to nitrate, and nitrification potential was assessed by measuring NO2- N ((g/h/g soil).  The leachates were collected in plastic bottles and stored at 4(C until analysis by flow injection analysis.

Incubation method

A 5g aliquot of soil and 50ml 2M KCl were added to a 250ml Erlenmeyer flask.  The flasks were stoppered and shaked on a orbital shaker for 1 hour.   The soil-KCl suspension was filtered through a Whatman no. 42 filter paper.  The filtrate was stored at 4(C until analysis with Flow Injection Analysis.   The concentration was determined as initial nitrate（ NO3- N (g /d/g soil）. 

A 5g sample of soil was placed in a Universal bottle with 1ml deionized water (50% WHC of Insch-soil) and 0.1ml 25mg/ml (NH4)2SO4.   The bottles were incubated at 20℃ in the dark.  After 3 weeks, the incubated soil was extracted with 50 ml 2M KCl.  The soil-KCl solution was put on an orbital shaker and filtered through Whatman 42 filter paper.  The filtrate was then analyzed and recorded as final nitrate.  The initial concentration of nitrate was substrated from the final for each soil to determine nitrification potential.

Biosensor tests

A 5g aliquot of each soil and 5ml deionized water was added to a 50 ml centrifuge tube, then centrifuged at 1840 G., at 4℃ for 30 minutes.  The supernatant was removed from the tube and maintained at 4℃ prior to analysis.

The biosensors（Pseudomonas fluorescens pUCD 607 and Escherichia coli HB 101）were resuscitated from freeze-dried by mixing with 1M KCl in Universal bottle, and incubating for 1 hour on an orbital shaker.  After incubation, a 900(l aliquot of soil solution and 100(l biosensor suspension were added to a 2 ml cuvette, and then mixed thoroughly by a vortex mixer.  The bioluminescence was measured by using a Jade luminometer.  The bioluminescence effect of P. fluorescens was measured after 1 hour of exposure to the biosensor, while E. coli was after thirty minutes of exposure.  

The test with P. fluorescens was carried out with 5 replicates of each soil, while the E. coli was 3 replicates in this experiment.  The bioluminescence effect was expressed as percentage of luminescence compared to control （non-contaminated）soil.
Statistics

Biosensor tests and perfusion method were analyzed by 2-way ANOVA, and the significant difference（p≦0.05） between different treatments was compared at the p≦0.05 confidence limit.  The nitrifying potential measured by the incubation method was represented as a difference between average initial and final value, thus it was statistically assessed by 2-way ANOVA without replication.  
Results and discussion

Nitrification 

In the perfusion method, different concentration of metals showed significant effects on nitrification.  Additionally, there were also strong interactions between two metals in each combination（p(0.001）.  This confirmed the results of previous studies demostrating that nitrification can be affected by heavy metal.  Combinations of metals present in soils may induce complicated responses through physicochemical properties and microbial activities.  When zinc, nickel and copper were present individually there was a clear inhibitory tendency of nitrification.  The inhibition of nitrification increased with elevated concentration of zinc and copper.  Nickel also showed an inhibitory effect, but nitrification potential increased as the concentration rose to 150 mg/kg.  In contrast, although the combination of heavy metal had significant effect on nitrification, the inhibition was not clearly explained by concentration (Fig 1).  

The perfusion assay was the only technique that yielded sensitive responses to the soils studied.  To place this in an ecological context it was compared with data for soil invertebrate studies in the same soil samples using a standard earthworm assimilation toxicity test( Miah pers com (.  The concentration of Cu, Ni and Zn accumulated in earthworms was found significantly affected in combination of Ni & Zn and Zn & Cu.  Surprisingly, copper and nickel had significant effect within the combination Ni & Zn and Zn & Cu respectively.   The concentration of copper and nickel could be varied with other metals, but zinc varied only with zinc itself（Table 2）.

The most clear inhibitory tendency in perfusion-based nitrification occurred in the combination of Ni & Zn except at 150 mg/kg of Ni.  The decline is obscure in the combination of Cu & Ni, which zinc was not involved in nitrification inhibition（Fig 1）.  Relating to the earthworm data, zinc is the most mobile metal chemically and its behavior is probably independent of nickel and copper.
___________________________________________________________________      

Table 2.  Significance* occurred in each metal within 3 combinations.  

	
	Concentrations of Zn mg g-1dried earthworm
	Concentrations of Ni mg g-1dried earthworm
	Concentrations of Cu mg g-1dried earthworm

	Ni & Zn
	Zn
	Ni
	  Zn, Ni**

	Zn & Cu
	Zn
	Zn**
	Cu, Zn

	Cu & Ni
	(
	Cu, Ni
	Cu


* Significance was tested by ANOVA-2 factor with replication.

** Ni showed significance in the combination of Zn & Cu, and so did Cu in Ni & Zn.

___________________________________________________________________

For the incubation method, there was no significant difference in nitrification potential between different concentrations of metal in any combination.  It might be  due to a reduction of bioavailability of metals or the recovery of microbial activities in Insch-soil.  The bioavailability of heavy metal could be influenced through process of precipitation, ion exchange, complexation, or redox potential.  Cation exchange capacity and organic matter content could promote adsorption of toxic metals and then reduce their bioavailability（Sauve, 1999）.  Dissolved organic matter（DOM） enlarges the pool of organic ligands in high pH soils, which significantly decrease the free metal ion activity（Sauve et al., 1998）.  Formation of stable metal-organic complexes are also result in the reduction of metal bioavailability（Romkens, et al., 1999 ）.  In this experiment, these contaminated Insch-soils have been incubated for 1 year.  Some physichemical reactions might occur during this period which influence the activities of free ions.  In this experiment, the soils were incubated with nitrogen source（ammonium sulphate）and water content maintained for 3 weeks.  It offered nitrifiers a nutrient rich environment, thus nitrification rate exceed the toxic effect from metals.  It indicated that nitrification activity may recover effectively after exposure to toxic doses.  Compared with perfusion method, incubation is not effective for long-term contaminated soil which metal bioavailability was reduced.  Perfusion is proved to be a more sensitive method for measuring nitrification potential in this study.

Biosensor

No significant difference occurred for E. coli in each combination of heavy metals.  However, when nickel was the sole pollutant, there was a significant deleterious influence on the bacteria, but the influence didn’t occur when zinc or copper was present.  

On the contrary, there were significant effects due to different concentrations of heavy metals for P. fluorescens, especially in the combination of zinc & nickel or the combination zinc & copper.  No significant response occurred in copper when it combining with nickel.  

The toxicity examination of heavy metals is strongly related to the bioavailability of metals in soil.  The bioavailability of metals is thought to be due to the free ion present in the soil.  Bioluminescence-based biosensors have been shown to respond to the available ions of metals（McGrath et al., 1999）and was effective indicator of heavy metals（Chaudri et al., 2000）.  However, the percentages of bioluminescence in P. fluorescens were above non-contaminated soil.  It suggested that the soils were not toxic to P. fluorescens in each combination of metals（Table 3）.  
____________________________________________________________________Table 3.  Mean value of percentage bioluminescence compared to non-metal soil in P. fluorescens.

	
	Ni & Zn
	
	Zn & Cu
	
	Cu & Ni

	
	Ni
	
	Zn
	
	Cu

	Zn
	0
	37.5
	75
	150
	Cu
	0
	150
	300
	600
	Ni
	0
	67.5
	135
	270

	0
	100%
	115%
	159%
	99%
	0
	100%
	313%
	108%
	124%
	0
	100%
	110%
	101%
	92%

	150
	313%
	255%
	140%
	121%
	67.5
	110%
	102%
	117%
	128%
	37.5
	115%
	110%
	113%
	114%

	300
	108%
	129%
	125%
	125%
	135
	101%
	108%
	(
	139%
	75
	159%
	99%
	110%
	111%

	600
	124%
	132%
	136%
	122%
	270
	92%
	116%
	116%
	164%
	150
	99%
	120%
	110%
	140%


* No significant effect occurred between different concentrations of Cu in combination of Cu and Ni.

* The unit of concentration of Zn, Ni and Cu is mg/kg.

____________________________________________________________________

Significant difference between metals also suggested that there might be some nutrient source present which could enhance the bioluminescence of the bacteria.  Yeomans, et al（1999）studied nutrients flow in rhizosphere using lux-marked P. fluorescens.  The result in bioluminescence is above that of control which containing no carbon source.  They concluded that carbon source results in increase in bioluminescence that the percentage is higher than 100%.  If the increasing light output by P. fluorescens in this study is caused by organic carbon source, it might be the reason for the reduction in toxicity of heavy metals in this experiment.  Organic matter has been reported as a metal-chelator in many studies, it will decrease the bioavailability of heavy metals, thereby reduce their toxicity.  With organic matter in soil, the free ion of metals in Insch-soil might have been complexed and immobilized by it during previous incubation. 

Conclusion

The bioavailability of metals of Insch- soils was reduced within 1-year incubation.   One of the reasons might due to the organic carbon present in soils, which was confirmed in the bioluminescence response in P. fluorescens.  The free metal ions could be chelated and immobilized by organic carbon and then decreased the toxicity of metals dramatically.  In this study, P. fluorescens and E. coli did not give an acute toxic response to Cu, Zn and Ni in each combination.   The bioluminescence-based bioassay thereby might not be suitable for detecting toxicity in long-tern incubated soils.   

The decrease in activity of heavy metals also occurred in nitrification measuring-incubation method, which had no different toxic response from contaminated soils.  Soil nitrification was recovered from previous inhibitory influence of metals under sufficient nutrients.  Compared to incubation method, perfusion is the most sensitive method to measure soil nitrification activity even after a period of incubation that bioavailability of heavy metals might have reduced.  Nitrification potential was obviously inhibited by copper, zinc and nickel.   Zinc had stronger influence on nitrification than nickel and copper, the result was found in assimilation data of earthworms as well.  However, the results showed that toxicity response differed with various parameters such as species, organic content, and even the soil pre-treatment.  Bioindicator is effective to assess the toxicity responses to pollution in this study.
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