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palavras-chave 
 

Ecotoxicologia, sistemas agrícolas tropicais, pesticidas, avaliação de risco 
aquático, testes in situ, chironomídios, biomarcadores. 
 

resumo 
 
 

Os estudos sobre ecotoxicologia de climas tropicais são pouco abundantes e a 
monitorização do uso de pesticidas em sistemas agrícolas assim como a 
avaliação dos seus efeitos no meio ambiente surgem como problemas 
emergentes. Este trabalho tem como objectivo desenvolver um teste de 
toxicidade in situ como ferramenta de avaliação da contaminação por 
pesticidas em sistemas agrícolas aquáticos na Tailândia Central. Foi usada 
uma espécie local de quironomídio como espécie teste (Kiefferulus 
callligaster), o protocolo geral de exposição in situ foi baseado no existente 
para a Europa e adaptado com sucesso a climas tropicais. Alguns entraves à 
performance deste bioensaio relacionam-se com a falta de informação sobre a 
dinâmica da degradação de pesticidas em climas tropicais, com a necessidade 
de monitorização de outras fontes de contaminação para além dos pesticidas e 
também com a dificuldade na seleção de bons sítios de referência. Para além 
dos “endpoints” convencionais (sobrevivência e crescimento), foram também 
utilizados neste trabalho biomarcadores constituindo uma importante 
ferramenta complementar na avaliação de toxicidade. 
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Ecotoxicology, tropical agro-systems, pesticides, aquatic risk assessment, in 
situ testing, chironomids, biomarkers. 
 

abstract 
 

Studies on ecotoxicology of tropical climates are scarce. Monitoring of pesticide 
use in aquatic agro-systems and assessment of its effects in the environment 
are emerging issues of concern. This work aims to develop an in situ 
ecotoxicity test as an effective tool to assess contamination with pesticides in 
aquatic agro-systems in central Thailand. The local chironomid species 
Kiefferulus calligaster was used as test species and the general protocol for in 
situ exposure was based on the existent for Europe and successfully adapted 
to tropical conditions. Some constraints to the performance of this bioassay 
related to the lack of information on pesticides dynamics on tropical 
environments, the need of monitoring other sources of contamination besides 
pesticides as well as the difficulty in the selection of good reference sites. 
Besides conventional endpoints (survival, growth), biomarkers were also used 
in the present work, constituting an important complementary tool on the 
assessment of toxicity.   
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abstract 
 

การศึกษาพิษนิเวศวิทยาในเขตรอนนั้นยังมีความจําเปนอยูมาก 
การตรวจการใชสารเคมีกําจัดศัตรูพืชในระบบการเกษตรและการจัดการกับผลข
องมันในดานสิ่งแวดลอมเปนหัวขอที่ไดรับความสนใจ 
งานวิจัยนี้มีเปาหมายเพื่อที่จะพัฒนาชุดการทดสอบเพื่อศึกษาความเปนพิษในระบ
บนิเวศที่สามารถใชเปนเครื่องมือที่มีประสิทธิภาพในการทราบถึงการปนเปอนของ
สารเคมีกําจัดศัตรูพืชในระบบการเกษตรในภาคกลางของประเทศไทย 
หนอนแดงซึ่งเปนสัตวหนาดินที่มีอยูในพื้นที่ศึกษาถูกใชเปนสิ่งมีชีวิตในการศึกษา
วิธีการสําหรับการทดลองไดพัฒนามาจากวิธีการที่ประสบความสําเร็จในยุโรปแล
ะดัดแปลงเพื่อใชในสภาพของเขตรอน 
ขอจํากัดที่เกิดขึ้นในการใชวิธีการนั้นขึ้นอยูกับการที่ขาดขอมูลของปฏิกิริยาของ
สารเคมีกําจัดศัตรูพืชในสภาพแวดลอมเขตรอน  
ความจําเปนที่จะตองมีการตรวจวัดแหลงและปริมาณปนเปอนอื่น ๆ 
นอกเหนือจากสารเคมีกําจัดศัตรูพืช 
อีกทั้งการที่มีความลําบากในการคัดเลือกพื้นที่ที่จะใชเปนพื้นที่อางอิง  
การรอดตายและการเจริญเติบโตเปนวิธีการทั่ว ๆ 
ไปในการบงบอกของการปนเปอน 
ในการศึกษานี้ไดรวมถึงการใชดัชนีชี้วัดทางชีวภาพเปนตัวบงบอกการปนเปอน 
ซึ่งเปนสวนประกอบที่สําคัญในการที่จะทําใหวิธีการมีความสมบูรณในการประเมิ
นความเปนพิษ 
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CHE AND GST ACTIVITIES IN FRESHWATER INVERTEBRATES AS BIOMARKERS TO ASSESS 
PESTICIDE CONTAMINATION – REVIEW 

1. GENERAL INTRODUCTION 

1.1. AGRICULTURE IN THAILAND: HISTORY OF THE CENTRAL PLAINS AND 

AGRICULTURAL DEVELOPMENT 

The geographic location and climate of Thailand have presented a favourable 

environment for agriculture development since historical times, making the country one 

of the largest food exporters in the world. Rice constitutes the principle food export, 

contributing 40% of the world market (Jirachaiyabhas et al. 2004) with Indonesia, 

Nigeria, Iran, the United States and Singapore as the main recipients (FAO 2004). 

Annual rice shipments for 2003 reached 7.5 million tonnes and were valued at more 

than $2,000 million. 

 

Figure 1.1- Location of Thailand and Central plains (source: Google Maps at 
http://maps.google.com/) 

Chao Phraya, the most important river in the country in terms of agricultural 

development, runs for 372 km from the central plains to the Gulf of Thailand (Figure 

1.1). Its low alluvial plain marks the mainland of the country, the plains in Central 

Thailand, with a tropical climate, receiving most of its precipitation from the Southwest 
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monsoon from May to October with an annual rainfall ranging from 695 mm to 4 160 

mm (FAO 1999). Whilst rice remains the predominant form of agriculture on Chao 

Phraya delta, agricultural diversification has increased in recent years to include 

aquaculture, animal husbandry, fruit trees and varies vegetable crops. The agrarian 

system developed by Chinese immigrants and their sino-thai descendents was design to 

exploit the cyclically flooded area for a diversity of uses. They constructed a system of 

poldered raised beds used to grow a range of vegetables and fruits, alongside channel 

networks that provided year round drainage and irrigation. This overall design is 

typically achieved by excavating main channels that drain the excess of water. 

Moreover, farming areas were protected from flood and intrusions of saline water by a 

dyke constructed around the circumference and, as the area still flooded due to the 

seepage and the rise of the water table raised beds separated by ditch were constructed 

inside the farm (Figure 1.4). Nevertheless, the cultivation plots were still flooded during 

the rainy season allowing only the cultivation of annual crops. In the 70’s, with the 

construction of the Great Mae Khlong, a canal designed to improve water control in the 

river basin, the annual flooding ceased and cultivation on raised beds could occur all 

year.  

Deprived of the silt deposition associated with annual flood regimes it became 

necessary to resort to fertilizers and, under the altered environmental conditions, 

pesticides to control pests. Changes in socio-economic structure lead to an increasingly 

market-oriented system of agriculture. In contrast to rice culture, the poldered raised 

beds system is more labour intensive and is oriented to a diversity of high value crops 

such as fruits and vegetables for local markets and export. Small farmers engaged in 

farming and fishing constitutes the bulk of the multiuse agricultural system. 

Considerable financial resources are needed for pesticide acquisition and most of the 

farmers rely on credit (Cheyroux 2000). Subsistence depends on the success of 

production with market value playing a critical role in the choice of crops cultivated. 

Prior to the recent Asian economic crisis (1997-1998) the increased use of technology 

and vast natural resources meant Thailand was not only self sufficient in food 

production but exporting excess production due to neighbouring countries. Nevertheless 

stability of the agricultural sector has been threatened with the drop of economy, 

proving that the system is vulnerable to general decrease on vegetables and fruits prices 

and many farmers have gone bankrupt. Also, as the area available for agriculture is 

impossible to be augmented, increased and competitive production is only possible with 
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the support of new technologies and infrastructures that many small farmers can not 

attain, most of them relying on a system of family labour (FAO 1999).  

Increasing concern for the sustainability of ecological systems has revealed new threats 

to current agricultural practices such as degradation of water quality and accumulation 

of toxic elements in the soils associated with heavy fertilization and pesticide 

application (Cheyroux 2000). The need for pesticides to control pests has been 

increased with the changing agriculture practices with the use of herbicides, insecticides 

and fungicides more than doubling from mid 1980s to the mid 1990s and pesticide 

imports reaching 70,158 tons in 2003 (Jirachaiyabhas et al. 2004). Sustainable 

agriculture is one of the greatest challenges, implying that is not only secured a 

sustained food supply, but that environmental, socio-economic and human health 

impacts are recognized and accounted for within national development plans (Ongley 

1996).  

1.2. USE OF PESTICIDES IN TROPICAL COUNTRIES, PESTICIDE MANAGEMENT AND 

ECOTOXICITY IN TROPICS: DATA GAP AND KNOWLEDGE FROM TEMPERATE CLIMATES. 

Nearly two-thirds of the human race inhabit developing countries located in the tropical 

and semi-tropical regions of Latin America, Africa and Asia (Murti 1989). The urban 

clusters in some of these regions are growing at a very high rate and development 

strategies adopted by these countries involve the extensive use of chemicals in 

agriculture intended to improve nutritional standards for their inhabitants. One of the 

emergent problems associated with these strategies is the use, and mis-use, of 

pesticides. While pesticide control in developed countries is carried out by a system of 

registration, by which pesticides are examined for toxicity and for a range of potential 

environmental effects, many developing countries do not have the resources or 

infrastructure to carry out their own tests and, in consequence, often adopt regulatory 

criteria from developed countries. However, the success of regulatory control depends 

on a variety of other measures, such as education, enforcement, incentives, etc. 

Pesticide management in the tropics is faced with the complex social and economic 

problems that result from poverty. For instance many pesticides recognized as 

dangerous and banned from production in developed countries, are still available on 

markets of developing countries because they are cheap, effective and regulatory 

policies are not strictly applied (Lacher and Goldstein 1997). Some of the problems of 
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pesticide management in developing countries were pointed out by Ongley (1996) and 

include: 

• Inadequacy of legislation and pesticide regulation,  

• Wrong management of pesticide storage by sellers,  

• Lack of training for farmers on storage and handling of chemicals, 

• Inappropriate pesticides use. 

Such actions have serious environmental and public health consequences. Research 

programmes in these countries are urgently needed and will have to be based on a 

multidisciplinary approach including international cooperation, education and 

technology transfer.  

Concern for the environmental and human effects of excessive use of pesticides in 

developed countries have led to the adoption of measures that aim increase 

consciousness of pesticide use, including:  

 

• Bans on certain active ingredients,  

• Revised registration criteria,  

• Training and licensing of farmers,  

• Promotion of a more effective use of pesticides,  

• Limitations on aerial spraying,  

• Environmental tax on pesticides,  

• Promotion of the use of mechanical and biological alternatives to chemical 

pesticides (Ongley 1996).  

 

Little baseline information exists on the environmental and human effects of pesticide 

use in tropical countries and extrapolation of strategies utilized by developed countries 

may be inadequate given their contrasting environmental context.  

Differences in key environmental parameters can radically alter the behaviour of 

pesticides in aquatic ecosystems and their effects on aquatic organisms can differ 

considerably between climates. In particular the high temperature and higher humidity 

of tropical climates affect both the nature of reagents and their chemical action and, 

similarly, influence between the biotic and abiotic processes in aquatic ecosystems 
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(Abdullah et al. 1997). Table 1.1 summarises some of the principal differences between 

tropical and temperate aquatic ecosystems. 

 

Table 1.1- Generalised characteristics of tropical aquatic ecosystems compared to those of 
temperate aquatic ecosystems (according to Henriques et al. 1997). 

 
 

However, the way these factors affect the sensitivity and overall response of an 

ecosystem to the impact of pesticides is not fully understood. Castilho et al. (1997) drew 

attention to potentially contradictory effects: on one hand degradation rates of pesticides 

can be higher due to higher temperatures and sunlight (biochemical detoxification and 

elimination increase), on the other hand toxicity might increase with increasing 

temperatures (due to higher solubility of the toxicants in water, an augmented rate of 

uptake and blood flow, and increased bio concentration). Also, the level of dissolved 

oxygen decreases as temperature increases with potential additive effect to pesticide 

toxicity. Viswanathan and Murti (1989) reviewed the effects of temperature and 

humidity on the ecotoxicology of chemicals and found out that high temperature and 

humidity generally enhanced translocation and uptake of pesticides by plant leaves and 

roots while in fish no regular pattern was observed; toxicity to fish was enhanced for 

endrin and decreased for DDT. In most cases, high temperature enhances and 

accelerates toxicity by altering the rate of metabolic processes, increasing diffusion, 

alteration of oxygen levels or by influencing the toxic process. Abel (1996) observed 

that at higher temperatures organisms take less time to react to a given concentration of 

toxicant but that the lethal threshold concentration remains unaltered. Temperature also 

influences the physico-chemical properties of the toxicants, for instance, the solubility 

of several organochlorine insecticides increases with water temperature, leading to an 

increased uptake and possibly a higher toxicity to aquatic biota. Temperature can also 
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influence the fate of pesticides with higher temperature tending to increase the rate of 

pesticide degradation, for instance carbamate pesticides stability decreases at high 

temperatures due to a higher hydrolysis rate (Viswanathan and Murti 1989), other 

detoxifying processes, such as microbial degradation and volatilization, are also 

enhanced at high temperatures (Abdullah et al. 1997; Sethunathan 1989). One account 

from literature indicates that anticholinergic pesticides, OP and carbamate, demonstrate 

less in vivo inhibition of cholinesterase at higher ambient temperatures (Viswanathan 

and Murti 1989). In summary, the overall influence of temperature overall depends on 

the type of chemical, organism and water quality. 

1.3. PESTICIDE CONTAMINATION IN THAILAND: WHAT HAS BEEN DONE TO EVALUATE 

RISK? 

Pesticides can enter aquatic ecosystems through several pathways (Figure 1.2). Few 

studies examining the effects of pesticide impact at the populations and ecosystems 

level were performed with most research in tropical countries limited to assessment of 

pesticide residues.  

 
Figure 1.2- Pesticides movements on an ecosystem (Alterra 2006)  
 

In Thailand, several studies have revealed pesticides residues in aquatic environments, 

items of human consumption, soil and sediment samples and even on breast milk (Table 

1.2). In 1997, with the aim of reviewing maximum residue limits (MRL's) in the EU, a 

study on pesticide residues on products from developing countries was performed. The 

final report written by several European institutions  (Buurma et al. 2001) accounted for 

several products in Thailand exceeding MRL including: peppers, cowpea, Chinese 

cabbage, okra, lichee, mangosteen. 
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Table 1.2- Studies involving detection of pesticides residues in Thailand. 

Sample Year Type of residue Reference 

Chao Phraya River 1997 OC (Boonyatumanond et al. 1997)

Chao Phraya River 1997 OC (Kannan 1997) 

Mussels (gulf of Thailand) 1997 DDT, aldrin, dieldrin “ 

Foodstuffs, Bangkok 1997 OC and PCB's “ 

Wells, west-central Thailand 2005 Several pesticides (Hudak and Thapinta 2005) 

Soil, water, sediment, fish and shellfish 1987-1989 Trace amounts of OC and OP (Tayaputch 1996) 

Sediment of Rangsit Prayoonsak Canal 2000 OC (Patarasiriwong 2000) 

Breast Milk (Northern Thailand) 2001 OC (DDT) (Stuetz et al. 2001) 

Breast Milk (Northern Thailand) 2005 OC (DDT) (Zimmermann et al. 2005) 

Fruits, Central Thailand 2001 
Pesticides found in 62% of fruits 

after peeling 
(Joannon et al. 2001) 

 

Many OCs were banned in the 1980’s but are still detected in samples due to their 

environmental persistence. For example DDT was banned in agriculture practices in 

1983, but continued to be used against malaria until 1994 (and was still permitted under 

certain circumstances until 2000). Several studies have reported DDT residues in breast 

milk in northern Thailand (Stuetz et al. 2001; Zimmermann et al. 2005) and OC residues 

including DDT have been found in sediment samples on Rangsit Prayoonsak Canal 

although water samples indicated no contamination (Patarasiriwong 2000). Thailand’s 

Pollution Control Department carried out an environmental monitoring programme 

during 1996-1997 analysing water bodies in agricultural areas. Results indicated that 

OC insecticides were the most common pollutants in water but that concentrations of 

OPs tended to be higher than OC levels where they occurred (Thapinta and Hudak 

2000). 

Awareness of the risks of pesticides handling amongst the general population is scarce. 

On a questionnaire to rice farmers, Buranatrevedh and Sweatriskul (2005) found that 

symptoms from pesticide exposure appeared on the top of the list of “occupational 

health and safety problems”, while Ambridge et al. (1990) investigated dermal 
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contamination of rural farmers (in Philippines, Thailand, Tanzania and Malawi) during 

pesticide application to vegetables using knapsack and ULV spinning disk sprayers by 

recording tracer dye falling on the operator. Mean gross dermal deposits of dye were 

103 mg/hr. Jirachaiyabhas et al. (2004) measured the OP in air in Tambon Bang Rieng, 

Thailand, estimating that farmers would be exposed to 81-12261 mg of OP through 

inhalation during a life time. 

Nevertheless, some governmental initiatives have been taken. “The training program on 

proper and safe use of pesticides” was conducted during 1991-1995 and aimed to 

inform farmers about pesticide-related environmental problems and to teach proper 

handling and application methods. The programme covered 27 of the 76 provinces and 

has been expanded recently (Thapinta and Hudak 2000). 

1.4. THE NEED OF PESTICIDE RISK ASSESSMENT: ENVIRONMENTAL AND HUMAN RISK 

OF PESTICIDE USE IN THAILAND – THE MAMAS PROJECT  

There is an urgent need for accurate information on the effects of pesticide use on 

environmental and human health to guide management planning and establish 

sustainable economic growth in tropical regions. Many programmes in Asian countries 

are now dealing with problems related to excessive and indiscriminate pesticide use 

through the implementation of Integrated Pest Management (IPM) strategies, however, 

the extent to which this will help to improve the current situation is unknown.  

The EU founded project MAMAS1, Managing Agrochemical in Multi-use Aquatic 

Systems (contract ICA4-2000-10247), included research teams from several countries 

of the EU, Thailand and Sri Lanka and aimed to develop cost-effective toxicity tests and 

other environment diagnostic tools that could be applied in an Integrated Risk 

Assessment Model, leading to the development of decision support systems and policy 

guidelines for the sustainable management of agrochemical use in irrigated agro-

ecosystems in Asian countries. This is to be done applying baseline information from 

target sites in Thailand and Sri Lanka.  

Following site selection (Figure 1.3- A), an initial stage of the project involved a 

situation analysis (B) which was followed by a preliminary risk assessment (C). Field 

deployments (D) were then used to provide a local risk assessment, ultimately leading to 

a decision support system and policy development (E). 

                                                 

1 http://www.mamaproject.org 
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Figure 1.3- MAMAS project phases. 

1.4.1. SITE SELECTION (A)  

Two sites were selected in Thailand: a mono-crop farming area with tangerine as main 

production located in Salakru sub-district of Pathumthani province and a mixed 

vegetable farming area in Kokprajadee sub-district of Nakhon Pathom province. In Sri 

Lanka Kalankuttiya and Meegalewa tanks belonging to a large irrigation system were 

selected as study sites. 

1.4.2. SITUATION ANALYSIS (B)  

The situation analysis incorporated several parts:  

i) The Participatory Community Appraisal (PCA) provided a general background to 

the study sites with an overview of the agronomic and aquatic production practices and 

a socio-economic perspective of the local people;  

ii) The Farm Households Survey collected general household family information 

including food consumption, domestic water usage, daily activities, health, agronomic 

and irrigation practices, pesticide usage, relations with other stakeholders, agricultural 

training and information sources, pest management and the local environment.   

iii) The Pesticide market and institution analysis collected information on Socio-

cultural aspects (demographics, culture, attitudes), economic and competitive topics 
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(market structure, government policies, trade blocks, taxation), technology (products, 

materials and components, processes, marketing and distribution, research) and political 

& legal issues (government, regulatory bodies, legislation and international agreements) 

(MAMAS-project 2003a).  

 

A state of the System workshop was held in Thailand in Marsh 2003 where the most 

important points of the situation analysis were evaluated. From the huge amount of 

information gathered in the first phase of the work it was possible to characterize the 

social and agricultural aspects of Kokprajadee community (Figure 1.4): 

 

• Most of the household farmers in Kokprajadee have been educated to grade 3 

and below and their primary occupation is farming.  

• Numerous vegetable crops are produced continually through the year. The most 

common crops are Chinese kale, leek and cabbage, roseapple, guava and mango.  

• In terms of pesticide spraying, Chinese kale and Chinese cabbage receive the 

highest doses of pesticides.  

• Pesticide spraying is conducted by various family members although adult males 

appears to be most at risk.  

• 42% of household respondents in Kokprajadee claimed to have suffered ill 

effects after spraying pesticide including headaches, dizziness, vomiting and 

skin allergies, although farmers may not be aware of some health linkages with 

pesticide poisoning.   

• Masks is the only protection taken when handling pesticides, however, mask use 

is limited. Cleaning of pesticide containers is often done by immersing the 

containers in farm ditches and sometimes rinsing with water on land or not 

cleaning them at all (MAMAS-project 2002).  

• Farmers overuse pesticides for crop protection because they are applied as a 

preventive measure as opposed to treatment as the costs would be higher if they 

wait infestations to occur. Pesticide dose is also increased due to pest resistance 

or because farmers believe production would be increased. Moreover, farmers 

cannot identify all pests and lack technical knowledge, assuming that many 

active ingredients and higher doses are more effective for pest control. Also, 

farmers are frequently misinformed by middle-men who sell them pesticides and 
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convince them to apply more than is necessary. The success of neighbouring 

farmers also instigates in change pesticide use (MAMAS-project 2003b). 

• Many households also culture fresh water fish. A variety of species were found 

including Tilapia, Silver barb, Snakehead, Catfish (Duk), Rohu, small scale Mud 

carp and Common Climbing fish.  

1.4.3. PRELIMINARY RISK ASSESSMENT (C)  

The preliminary risk assessment (PRA) aimed to gather further information on the 

environmental characteristics of the study sites, in order to estimate potential risks (to 

both human health and the environment) through pesticide exposures. A tiered risk 

assessment methodology was used in which a worst-case scenario is evaluated, followed 

by more realistic assessments when there is an indication of risk. The first tier of aquatic 

risk assessment was based on a PEC/NEC ratio where the calculated pesticide 

concentration on surface waters (Predicted Environment Concentrations; PEC) is 

compared to the expected No Effect Concentration (NEC). If PEC does not exceed 

NEC, no effects on the aquatic environment are expected. For a detailed description of 

PEC/NEC ratio calculation see Van den Brink et al. (2003). The Preliminary Risk 

Assessment performed in the Thailand in the village of Kokprajadee indicated that 

significant effects of pesticide exposure could be expected on both aquatic life and 

human health (Table 1.3).  

1.4.4. BIOASSAYS AND BIOMONITORING (D)  

Bioassays and biomonitoring can validate results of PRA. For the development of in 

situ bioassays methodologies, preliminary studies were required. Standardised 

laboratory tests were conducted as an initial assessment of the key contaminants in each 

study site. Indigenous species were then screened for suitability for in situ assays and 

the freshwater flea Moina macrocopa, the yolk-sac tilapia fry (Oreochromis niloticus), 

the freshwater prawn Macrobrachium rosenbergii and the non-biting midge Kiefferulus 

calligaster were selected as test species. These species were selected because they 

belong to sensitive groups representative of contrasting modes of toxicant uptake. 

Sensitivity of chosen species to key contaminants was compared with standard species 

and the influence of environmental factors on the bioavailability of contaminants and 

toxicity to respective test species were evaluated. Protocols for in situ exposure of test 

species were developed including standard and non-standard endpoints. Thereafter, field 
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deployments were initiated to monitor effects. The specific development of the 

chironomid Kiefferulus calligaster as a bioassay is the aim of this thesis and will be 

described in detailed further on. 

 

Table 1.3- PEC/NEC risk quotients for crop-pesticides combinations in Kokprajadee (Van den 
Brink et al. 2003) 

 

1.4.5. DECISION SUPPORT SYSTEM AND POLICY DEVELOPMENT (E)  

One of the outputs from the project is the Primet2 Decision Support System (Pesticides 

RIsks in the tropics to Man, Environment and Trade. This DSS is able to estimate the 

risks of pesticide application to aquatic life, terrestrial life, the use of groundwater as 

drinking water and dietary exposure via the consumption of groundwater, vegetables, 

fish and macrophytes. The risks are assessed at the household level, i.e. actual pesticide 

application data on a farmers level is needed as input parameters.   

 

                                                 

2 http://www.primet.wur.nl/
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 a)  b) 

 c)  d) 

 e)  f) 

 g)  h) 

 i)  j) 

Figure 1.4- a) Farmers planting vegetables; b) Farm; c) Collecting snails; d) Women preparing 
vegetables for selling; e) Fish collected on farm channels; f) Farmer working on the cultivation 
plots; g) Children bathing in the pond; h) Watering the plots; i) Preparing pesticide to spray; j) 
Farmer ready for spraying. 
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1.5. CHIRONOMIDS: BIOLOGY AND IMPORTANCE IN ECOTOXICOLOGY  

Chironomids (order Diptera, family Chironomidae) have a large ecological and 

taxonomic diversity. There are over 5000 species described and they are so diverse and 

widespread that they can live in most climates and in a wide range of water qualities. 

They usually make up over 50% of the insects that live at the bottom of streams and 

lakes as larvae. Chironomidae larvae and pupae are extremely important part of aquatic 

food chains, serving as prey for many other insects and food for most species of fish. 

The general life cycle of chironomids contains four life stages (Figure 1.5): the egg, 

larvae, pupa and adult. The eggs have a sticky covering and are deposited on the water 

surface. Just hatched larvae are planktonic for up to one day until settling in the 

sediment and building a tube. As the larva grows, the tube is elongated. The midge 

larvae are red coloured (often called "blood worm") due to the presence of hemoglobin 

that stores oxygen. This allows them to live in areas that have limited oxygen conditions 

such as lake bottoms or areas of high organic pollution. Larvae pass through 4 instars 

before pupating. The duration of the larval stage varies from two weeks to several years 

and is strongly related to temperature. A spindle-shaped pupation tube is produced by 

the fourth instar larvae. The pupal stage typically lasts for a few days after which the 

pupa wriggles free from the tube and swims to the surface where adult emergence 

occurs (Anderson 1977). Adult chironomids are minute insects. The mouthparts are 

generally reduced and few adults live for more than a few days. Adults often emerge en 

mass resulting in vast mating clouds. The life cycle of chironomids varies from weeks 

to years for species inhabiting  tropical and circumpolar areas respectively (SWCSMH 

2006). 

The ease with which their life cycles can be distinguished, their short life-cycles and 

their suitability for rearing in the laboratory have made chironomids a popular species 

for toxicity testing. Moreover they live in intimate contact with sediments, feeding on 

detritus and algae associated providing an important feeding guild and a potentially 

sensitive tool for aquatic biomonitoring (Hudson and Ciborowski 1995). 
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Figure 1.5- General Chironomid Life cycle (ECU 2005) 

 

1.6. CHARACTERIZATION OF TEST SPECIES 

1.6.1. LIFE CYCLE 

The chironomid species used in this work, Kiefferulus calligaster, is a tropical species 

collected in Thailand and kindly identified by Dr. Peter Cranston. It was successfully 

cultivated in laboratory following the Standard Operating Procedure (SOP) presented on 

Appendix 1. Life cycle of this species comprises an aquatic early stage in which egg 

ropes laid down on water surface hatch after 1 to 2 days. First instar larvae are 

planktonic and almost transparent. Second to fourth instar larvae are reddish and 

bentonic, living in the first centimetres of sediment. In lab conditions (28ºC) the 

minimum developmental period from hatching to adults’ emergence is 8 days. Some 

details of different stages of the life cycle of this species are presented in Figure 1.6. 
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 a)  b) 

 c)  d) e) 

Figure 1.6- Aspects of life cycle of Kiefferulus calligaster: a) egg ropes, b) 4th instar larvae, c) 
egg rope (detail), d) adult male, e) adult female. 
 

As no information on literature was available for this species, comparisons with the 

widely used species Chironomus riparius were performed. Larval stages of the two 

species are very similar and can not be distinguished by the naked eye. Differences 

between adults are more relevant since K. calligaster imagoes are smaller; males are 

green and females reddish while C. riparius adults are black.  

1.6.2. PESTICIDES SENSITIVITY 

Although very similar in their morphology, the larvae of the two species have different 

sensitivities toward some chemicals. Acute tests were also performed with an 

organochlorine pesticide (lindane), a pyrethroid (deltamethrin), a carbamate 

(carbendazim) and a metal (copper sulphate pentahydrate). LC50 values for carbendazim 

were not possible to calculate since low sensitivity of chironomids towards this 

fungicide would require very high concentrations to be tested which are impossible to 

obtain attending to its solubility in water. General procedure for acute tests is described 

on Appendix 3. Results suggest that K. calligaster is more resistant to the majority of 

pesticides tested (Table 1.4).  
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Table 1.4- 48h-LC50 for different pesticides. Values are in μg/L except for copper sulphate that is in mg/L. 
Between brackets are 95% CI. n.a.- not available 

Pesticide CAS number Use type C. riparius K. calligaster 

Lindane 58-89-9 Insecticide, rodenticide 15.73 (15.66-15.81) 55.24 (54.60-55.87) 

Deltamethrin 52918-63-5 Insecticide 0.58 (0.58-0.59) 3.04 (2.96-3.12) 

Copper sulphate 

(pentahydrate) 
7758-99-8 

Fungicide, insecticide, 

Molluscicide, algaecidae 
8.72 (8.67-8.77) 24.52 (24.32-24.72) 

Chlorpyrifos 2921-88-2 Insecticide, nematicide 0.14 (0.005-0.27) 9.66 (9.59-9.73) 

Dimethoate 60-51-5 Insecticide 0.481 (-0.035-0.997) 1.747 (1.42-2.07) 

Carbendazim 10605-21-7 Fungicide n.a. n.a 

 

1.7. IN SITU ASSAYS FOR CHIRONOMIDS: BIOLOGICAL APPROACH FOR 

CONTAMINATION ASSESSMENT IN VEGETABLE FARM CHANNELS 

In situ bioassays are useful tools for monitoring environment quality as laboratory 

conditions are unlikely to represented the interactions between physical, chemical and 

biological stressors which are specific to the particular exposure site (Den Besten et al. 

2003). Moreover, the simple detection and/or quantification of chemicals in both 

physical and biological compartments of an ecosystem have some limitations in terms 

of costs and valuable information about impact to communities; for this reason it is 

useful to complement with a biological approach and an evaluation of exposure of 

living organisms and subsequent effects at individual, population and/or community 

levels (Lagadic 2002). Several methods were developed for invertebrate in situ 

exposures and for chironomids in particular species specific in situ chambers have been 

designed, namely for C. riparius (Castro et al. 2003; Crane et al. 2000; Den Besten et al. 

2003) and for C. tentans (Chappie and Burton 1997; Sibley et al. 1999). 

In situ approaches using chironomid species have been used to assess risk in agricultural 

areas, in estuaries, in metal contaminated environments and in environments receiving 

urban and agricultural runoff (Crane et al. 1995a; Peck et al. 2002; Soares et al. 2005b; 

Tucker and Burton 1999). 

1.8. BIOMARKERS APPROACH 

Selecting the most relevant endpoint to study is a challenge in ecological risk 

assessment since ecosystems can be examined at several levels of organization 
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(individual, population, community). The criteria to be taken into account include 

ecological relevance, susceptibility (should be both exposed and sensitive to the effects 

of the stressor) and relevance to management goals (Norton et al. 1995). In the aquatic 

environment concentrations of pollutants may not be high enough to cause acute 

toxicity. Mortality may, therefore, represent an inappropriate endpoint for risk 

assessment. The biomarkers approach is based on the assumption that low toxicant 

concentrations cause biochemical responses within individual organisms before toxic 

effects are observed  at higher levels of biological organization (McLoughlin et al. 

2000). A biomarker or biological marker is therefore a cellular or biochemical 

components or processes, structures or functions that can be altered by the action of a 

toxic and measured in a biological system or sample (Kendall et al. 2001). Two 

enzymes of particular interest as biochemical biomarkers for the risk assessment of 

pesticide use are acetylcholinesterase (AChE) and glutathione S-transferase (GST’s). 

AChE is important for maintenance of normal nerve function while GSTs are a family 

of enzymes with a key role in the detoxification of compounds with electrophilic centers 

(Olsen et al. 2001). 

1.9. AIMS OF THE WORK 

With the ultimate goal of developing in situ bioassays using the tropical chironomid 

species Kiefferulus calligaster as a risk assessment tool for the MAMAS project and 

integrating in that methodology a biomarker approach as an accurate and cost-effective 

approach for risk assessment, this research included the processes of species collection, 

identification and characterization, passing through the evaluation of the two 

biomarkers potential as endpoints for pesticide contamination assessment, until the 

adaptation of the protocol for in situ deployments and actually field work performance 

in the village of Kokprajadee, Thailand.   

The following steps were followed: 

1.9.1. LITERATURE REVIEW ON THE USE OF CHE AND GST FOR PESTICIDE 

CONTAMINATION ON FRESHWATER INVERTEBRATES 

A literature review was performed in order to achieve a general consensus on the use of 

both biomarkers on assessment of pesticide toxicity by freshwater invertebrates 

(Chapter 2).  
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1.9.2.  CHARACTERIZATION OF THE TEST SPECIES 

Laboratory cultures of the tropical species K. calligaster were established at Asian 

Institute of Technology (Thailand) and University of Aveiro (Portugal). 

Characterization of the species included: 

 

• Life cycle characterization, influence of temperature and comparison with the 

standard species Chironomus riparius.  

In the first phase of the experimental work, life cycle of Kiefferulus calligaster was 

described and compared to that of Chironomus riparius, evaluating the influence of 

temperature on various parameters of growth (Chapter 3). 

 

• Biomarkers normal levels,  influence of temperature and dissolved oxygen (DO) 

and comparison with Chironomus riparius  

The biomarkers Cholinesterase (ChE) and Glutathione S-transferase (GST) were 

investigated as potential endpoints for contamination assessment in both species. Basal 

enzyme levels (general procedure for enzymatic analysis is described on Appendix 4 

and 5) were assessed and the influence of environmental parameters such as temperature 

and dissolved oxygen concentration on enzyme activities were described (Chapter 3). 

1.9.3. TOXICITY TESTS 

Behaviour of biomarkers responses after different “exposure scenarios” was studied 

(Chapter 4). Specifically: 

 

• The influence of temperature on toxicity of chlorpyrifos for K. calligaster and C. 

riparius 

Two temperatures (20 and 28ºC) were tested and effects on chlorpyrifos toxicity 

evaluated using as effect criteria mortality, ChE and GST activity. 

 

• The influence of exposure duration and age of test organisms on toxicity of 

chlorpyrifos and carbendazim for K. calligaster. 

• Existence of recovery after transfer of organisms exposed to toxicants to clean 

medium.  

An experimental design was planned to evaluate the influence of exposure times (3 and 

6 days) and larval age (2nd and 3rd instar) on chlorpyrifos or carbendazim toxicity. 

 21



 
 
 

CHAPTER 1 

Moreover, the existence of recovery of ChE and GST activities was investigated 

transferring the organisms to clean water after exposure to the toxicant. Endpoints used 

were ChE and GST activities.  

1.9.4. FIELD WORK 

Field work studies were performed in Thai aquatic agro-systems (vegetable farms) in 

the village of Kokprajadee (Central Thailand) and included: 

 

• Field work protocol development 

A field work protocol was adapted from that established for Chironomus riparius (see 

appendix 2). The principal modifications related to the in situ exposure duration, the 

type of sediment used, the reference sites adopted and endpoints studied.  

 

• In situ bioassays 

Four farms were selected in the village of Kokprajadee as study sites: Surat Farm (S1), 

Chanchai Farm (S2), Som Jit Farm (S3) and Chuchat Farm (S4). Bioassays were 

performed at these sites with K. calligaster in the rainy season and dry season. 

Endpoints used were survival, body length increment, capsule width increment, ChE 

activity and GST activity (Chapter 5). 
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Abstract 

Studies investigating the use of biomarkers in pesticide risk assessment have greatly 

increased in recent years; however, issues concerning the ecological meaning of 

enzymatic responses have proved controversial. Ideally a good biomarker response 

should be modulated by the environmental contaminants alone and demonstrate a 

predictable behaviour towards certain types of toxics. As these premises are rarely 

observed, this work aims to outline research that has contributed to an understanding of 

the behaviour of two widely used biomarkers, cholinesterase and glutathione S-

transferase, describing environmental and biotic factors that affect their response in 

freshwater invertebrates. A summary of studies performed in the main classes of aquatic 

invertebrates with the former biomarkers is made and conclusions taken about their 

behaviour towards the main classes of pesticides. Links between biomarkers responses 

and conventional endpoints are evaluated so that ecological relevance can be attributed 

to enzymatic responses. Toxicity of mixtures was investigated and cases of synergism 

and antagonism pointed out as factors changing the expected toxicity of aquatic systems 

and leading to misinterpretations of biomarkers responses. Finally, the use of 

biomarkers as a tool for biomonitoring and in situ assays was investigated and vantages 

and disadvantages of their use discussed. 

 

Keywords: Pesticide risk assessment, Biomarkers, Cholinesterase, Glutathione S-

transferase 
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CHAPTER 2 

2.1. INTRODUCTION 

2.1.1. PESTICIDES 

“(…) statistics on world crop losses due to pests, diseases, and weeds reveal the great 

economic cost and the need for more effective and safer control agents. While 

biological methods hold future promise, chemical agents presently offer the most 

practical solutions” (Mel'nikov 1968). Almost 40 years after Mel’nikov made this 

statement, agriculture still heavily rely on chemical substances so that the demand for 

food can be satisfied with low labour costs and high profit margins. Prior to the 

development of synthetic pesticides, weeds, insect and diseases were dealt using 

physical methods. Weeds were controlled by tillage, mowing, site selection, crop 

rotation, hoeing or pulling by hand while insect pests and diseases were controlled 

through seed selection, crop rotation and adjustment of planting dates (Anderson 1994). 

The few chemicals used were based on metallic elements such as mercury, copper and 

arsenic (Spencer 1970).  

Following the Second World War chemical pest control was widely adopted and a 

diversity of new pesticides appeared, increasing yields and substituting labour. 

Organochlorine (OC) pesticides provided an important contribution to improvements in 

agricultural output  but the persistence of these compounds in the environment became a 

serious environmental problem (WHO 1986). Thereafter, insect pest control began to 

rely more heavily on Organophosphorus (OP) and carbamate ester pesticides which are 

less persistent and have a lower mammalian toxicity. Nevertheless, these alternative 

compounds lack target specificity and new ecotoxicological problems associated with 

their high toxicity toward a variety of non-target organisms have arisen. 

2.1.2. BIOMARKERS ON PESTICIDE RISK ASSESSMENT 

The need for monitoring aquatic environmental quality has led to the development of 

numerous pesticide risk assessment strategies. Many have centred on the simple 

detection and/or quantification of chemical residues in different compartments of the 

ecosystem (e.g. sediment, water column, biota), which may provide an inadequate 

indication of risk as many pesticides have a short half life in the water column. An 

accurate assessment of environmental risk is best served by biological assessment, as it 

evaluates ecosystem effects directly on the exposed organisms at the population and/or 

community level (Lagadic 2002) Nevertheless, the particular endpoints monitored have 
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to be carefully selected since the concentrations of pollutants are often too low to cause 

mortality, thus sublethal endpoints, at individual or molecular level, are often more 

appropriate. The biomarker approach, adopted from medical toxicology, is based on the 

assumption that low concentrations of a toxicant will cause a biochemical response 

within an organism before detrimental effects are observed at higher levels of biological 

organization. However, its use has presented difficulties for interpretation, namely to 

what extent can a biomarker response be reliably linked to an environmental effect of 

ecological relevance (McCarty et al. 2002; McLoughlin et al. 2000). Kendall et al. 

(2001) defines a biomarker or biological marker as “a xenobiotically induced alteration 

in cellular or biochemical components or processes, structures or functions that is 

measurable in a biological system or sample”. They divide biomarkers in three 

categories: biomarkers of exposure, biomarkers of effect and biomarkers of 

susceptibility.  

Two important enzymes that have been used as biomarkers in environmental 

contamination assessment are Cholinesterases (ChE) and Glutathione S-transferses 

(GST). 

ChEs are a group of enzymes belonging to the family of esterases that hydrolyze 

carboxylic esters and have been divided in two types: acetylcholinesterase (AChE) and 

butyrylcholinesterase (BuChE) (Garcia et al. 2000). AChE has a key role in the 

maintenance of normal nerve function and is inhibited by neurotoxic compounds like 

organophosphate insecticides by an interaction with the serine at the active site of the 

enzyme. Inhibition of acetylcholinesterase leads to an accumulation of the 

neurotransmitter acetylcholine in the synapse resulting in a disruption to the nervous 

system function (Figure 2.1) (Galloway and Handy 2003; Olsen et al. 2001). 

 

 
Figure 2.1- A: Normal acetylcholine transmission. B: Accumulation of acetylcholine due to 
Acetylcholinesterase inhibition 
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GSTs represent a family of enzymes that catalyse the conjugation of various compounds 

having electrophilic centers (nitrocompounds, organophosphates, organochlorines) with 

the tripeptide glutathione. Glutathione conjugation products are rendered less toxic and 

become more soluble in water, facilitating their excretion (Hyne and Maher 2003). 

These enzymes exist in multiple forms and elevated activities have been associated with 

resistance to all the major classes of insecticides (Enayati et al. 2005). Nevertheless, 

their lack of specificity and qualitative response to contaminants has constrained their 

use as a biomarker. 

This paper reviews the performance of ChE and GST biomarkers in freshwater 

invertebrates exposed to pesticide contamination under contrasting contextual 

conditions in the laboratory, and field environment. . 

2.2.  ENZYMES BASAL LEVELS AND FACTORS INFLUENCING BIOMARKERS ACTIVITIES 

The use of biomarkers to monitor chemical exposure requires knowledge on basal levels 

of the enzymes in the studied species and the factors that affect them in addition to the 

toxic substance of interest. This includes factors inherent to the organism, such as the 

tissue analysed, age/developmental stage, diet (composition and quantity), and external, 

environmental factors, such as water temperature, oxygen concentration, pH, etc., in 

addition to the spatio-temporal context (e.g. geographic location, season) that can also 

influence enzyme activity. 

2.2.1. INTER- AND INTRA-SPECIFIC VARIATIONS 

The specific activities of enzymes vary with species. Berra et al.  (2004) collected 

various aquatic insects (Diptera, Plecoptera, Odonata, Ephemeroptera, Trichoptera), a 

Crustacean (Amphipod) and an Annelid (Oligochaeta) from Taro and Ticino River in 

northern Italy and found significant differences among taxa in the specific activity of 

AChE and GST. With respect to season they reported that for most of taxa AChE 

activity changed seasonally 3-5 times, while GST had less variability. Similarly, Vidal 

et al. (2002b) reported less seasonal fluctuations in GST compared with other 

biomarkers, including catalase, propionylcholinesterase, NADH-cytochrome c reductase 

and lipids, in the freshwater clam, Corbicula fluminea, collected from the Sanguinet 

Lake and Dronne River (Southwest France). Olsen el al (2001) studied the natural 
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variability of AChE and GST in 4th instar larvae of the midge, Chironomus 

riparius,exposed at 13 uncontaminated lotic sites across southeast England, observing a 

near two-fold variation in the activity of both biomarkers across sites. However, no 

clear relationships between biomarkers activity and the physical and chemical 

characteristics measured at each site could be established. 

In addition to the natural seasonal and spatial variation, factors inherent to the 

physiologic condition such as age, reproductive status and tissue analysed can also 

influence biomarker response in many invertebrates. However, the way these factors 

influence biomarker response between species is difficult to predict (Table 2.). For 

instance an increase in  the size of an organism (directly related to age) induces GST in 

Anodonta cygnea (Robillard et al. 2003) but has no effect on the same enzyme in the 

Amphipods Pallasea cancelloides, Eulimnogammarus verrucosos, Gammarus lacustris 

(Timofeyev 2006). No effect for ChE was observed in relation to age for Anodonta 

cygnea (Robillard et al. 2003) while enzyme activity has been showed to be higher in 

younger organisms for Daphnia magna (Guilhermino et al. 1996a; Printes and 

Callaghan 2003) (Table 2.1). Similarly no clear patterns between species are evident for 

enzyme activity in relation to the body section analysed. Consistent GST activity has 

been reported for different body sections (head, pereon, pleon, urosome, pereopods, 

antennae) in the amphipods Pallasea cancelloides, Eulimnogammarus verrucoso and 

Gammarus lacustris (Timofeyev 2006), whilst ChE activity in Corbicula fluminea was 

higher in the mantle compared to other body tissues (digestive gland, muscle, gills, 

mantle and whole animal) (Mora et al. 1999b). Similarly, in Macrobrachium 

malcolmsonii clear differences where observed in GST and AChE activities between 

respective tissue samples (hepatopancreas and gills for GST; brain, hepatopancreas, 

gills and muscle for AChE) (Bhavan and Geraldine 2001). Finally Chang et al. (2006) 

documented that Macrobrachium rosenbergii exposed to trichlorfon inhibited AChE on 

the hemolymph and hepatopancreas but not in muscle tissue. These data demonstrate 

the importance of performing preliminary studies on the particular test species prior to 

their application in pesticide risk assessment. 
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Table 2.1- Experiments to assess factors influencing basal levels of the biomarkers ChE and GST in freshwater invertebrates 

(1) Hypoxia induced GST activity when analysis was done towards ethacrynic acid instead of CDNB as substrate.  

(2) High variability of data 

Organism Enzyme Experimental design, endpoints 
measured 

Age/size Oxygen 
levels 

Temperature pH Culture 
medium 

Reference 

Anodonta cygnea AChE 4, 6 or 8 weeks In situ exposure 
 

No effect of length No effect “U” shaped response (2) Inverse 
“U” 
shaped 
response (2)

 (Robillard et al. 2003) 

Chironomus riparius ChE Lab: O2 (18.3 (hypoxia), 86.7 (control)  
and 104.7 % (hyperoxia)) 

 Not affected by 
hyper- or hypoxia 

   (Choi et al. 1999) 

Chironomus riparius AChE Lab: T(3, 12 and 22ºC)   No effect   (Callaghan et al. 2002) 

Chironomus riparius ChE Lab: O2 (19 and 80%), Mesocosms: O2 
(13%) 

 No effect    (Beauvais et al. 1999) 

Corbicula fluminea PChE Lab: T (10 and 20ºC), culture medium (tap 
water and water purified by reverse 
osmosis), pH (4-5, 7 and 8-9), O2 (89 and 
20.2%) 

 No effect Higher at 20ºC No effect Higher in tap 
water 

(Vidal et al. 2002) 

Daphnia magna AChE Lab: Age (1, 7, 14 and 21 days organisms) Higher activity in 1d 
old organisms 

    (Guilhermino et al. 1996a) 

Daphnia magna AChE Lab: size (1, 1.5, 2, 2.5, 3 and 3.5 mm) Reduction on 
activity as the 
organism grows 

    (Printes and Callaghan 
2003) 

Daphnia similis AChE Lab: culture medium (diluted mineral 
water and ASTM water) 

    Higher in 
ASTM water 

(Printes and Callaghan 
2003) 

Elliptio complanata ChE Lab: T (21, 24, 27 and 30º)   Trend to increase (not 
statistically significant) 

  (Moulton et al. 1996) 

Anodonta cygnea GST 4, 6 or 8 weeks In situ exposure 
 

Induced with length “U” shaped 
response 

Induced with higher 
temperature 

Inverse 
“U” 
shaped 
response  

 (Robillard et al. 2003) 

Chironomus riparius GST Lab: O2 (18.3 (hypoxia), 86.7 (control) and 
104.7 % (hyperoxia)) 

 Not affected by 
hyperoxia, 
induced by 
hypoxia 

   (Choi et al. 1999) 

Chironomus riparius GST Lab: T(3, 12 and 22ºC)   Induced at 3ºC   (Callaghan et al. 2002) 

Corbicula fluminea GST Lab: T (10 and 20ºC), culture medium (tap 
water and water purified by reverse 
osmosis), pH (4-5, 7 and 8-9), O2 (89 and 
20.2%) 

 No effect (1) No effect  No effect No effect  (Vidal et al. 2002) 

(Timofeyev 2006) Organisms collected from Baikal lake: 
Tissue (head, pereon, pleon, urosome, 
pereopods, antennae),  size (length) 

 

No effect     Pallasea cancelloides, 
Eulimnogammarus 
verrucosus and 
Gammarus lacustris 

GST 
 



 
 

CHE AND GST ACTIVITIES IN FRESHWATER INVERTEBRATES AS BIOMARKERS TO ASSESS 
PESTICIDE CONTAMINATION – REVIEW 
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2.2.2. PHYSICO-CHEMICAL FACTORS 

Few studies have been done with freshwater invertebrates to assess the influence of 

physico-chemical parameters on enzyme behaviour. Dissolved oxygen concentration, 

water temperature and pH have been the most frequently studied parameters and the 

ones more likely to affect biomarkers activities.  

With regard to oxygen concentration, published accounts concur that this parameter has 

no effect on ChE activity (Beauvais et al. 1999; Choi et al. 1999; Robillard et al. 2003; 

Vidal et al. 2002), while for GST results suggest that hypoxia causes an increase of 

activity (Choi et al. 1999, Robillard et al. 2003).  

The assertion that ChE activity increases as a function of temperature has been 

supported by research on freshwater mussels (Moulton et al. 1996; Robillard et al. 2003; 

Vidal et al. 2002), nevertheless, in a study based on Chironomus riparius, no effect of 

temperature was observed (Callaghan et al. 2002). GST activity shows a variable 

relationship with temperature: it is increased by low temperatures in Chironomus 

riparius, increased by high temperatures in Anodonta cygnea and unaffected in 

Corbicula fluminea (Callaghan et al. 2002; Moulton et al. 1996; Robillard et al. 2003; 

Vidal et al. 2002).  

Two studies have reported the influence of pH on biomarkers activity: the first one 

found no effect on ChE and GST in Corbicula fluminea while the second documented 

an inverse “U” shape relation for both AChE and GST in Anodonta cygnea (Robillard et 

al. 2003; Vidal et al. 2002). In relation to cultured water, GST activity appears to be 

unaffected whereas ChE activity seems to be higher in more enriched water compared 

to purified water (Printes and Callaghan 2003; Vidal et al. 2002).  

The paucity of studies prevents a more comprehensive understanding of biomarkers 

behaviour. Knowledge on the variation of biochemical activity in particular target 

organisms in relation to these key physico-chemical parameters is therefore critical to 

their meaningful interpretation as biomarkers of environmental quality.  
 

2.3. USE OF BIOMARKERS TO ASSESS TOXICITY OF PESTICIDES 

Table 2.2 details recent research based on the biomarkers ChE and GST conducted 

between 1996 and 2006 using freshwater invertebrates. 
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Table 2.2-  Experiments performed with the aim of exploring biomarkers potential to assess pesticide contamination 

Organism Pesticide Experimental design (1) Endpoints LC (letality meaure) Effects on biomarkers References 
Annelid       

Lumbriculus variegatus  Azinphos-methyl (OP) Adults (3.5±0.5 cm), 48h exp at 1, 4, 5, 6, 
7.5, 10, 50, 100 and 250 μg/L ChE  

Concentration-dependent inhibition, 
EC50=6, NOEC= 1μg/L, 99% inhibition at 
highest concentration, no mortality 

(Kristoff et al. 
2006) 

Tubifex tubifex Isoproturon (Urea 
compound) 

Animals collected at Marne, France, 2,4,7 
days exp at 0.1, 1 and 10 mg/L. GST  

Induction after 2 days in the highest 
concentration, induction after 4 and 7 days 
in the 2 highest concentration, highest 
induction (+52%) at day 4, 10mg/L 

(Mosleh et al. 
2005) 

Crustacea       

Daphnia magna Malathion (OP) 7-d old, 30 min exp to 0.2 mg/L AChE  Approximately 50% AChE inhibition (Bond and Bradley 
1997) 

Daphnia magna Ethyl parathion (OP) <24 h, 2, 4 and 7days exp at 1.5, 1.5 and 
1μg/L respectively. AChE 48h-LC50(immot.)= 

2.5μg/L 
8.3, 49 and 58% inhibition after 2, 4 and 7 
days exposure respectively. 

(Printes and 
Callaghan 2003) 

Daphnia magna Ethyl parathion (OP) Neonates, 24h exp at 0.1 to 5 μg/L (values 
from graph) AChE 48h-LC50=0.64 and 0.43 

μg/L 
Concentration-dependent inhibition 24h-
EC50= 0.56 μg/L (Barata et al. 2001) 

Daphnia magna Paraoxon and parathion 
(OP) 

<24 h neonates, 24 h exposure at 1.5-7.5 
μg/L of parathion and 0.07-4.6 5 μg/L of 
paraoxon 

AChE 48h-LC50 (parathion)= 2.2 
(paraoxon)=0.2 μg/L 

Concentration-dependent inhibition, EC50= 
2.4 (parathion), 0.2 (paraoxon) μg/L 

(Guilhermino et al. 
1996b) 

Daphnia magna  Parathion, dichlorvos (OP) 
and aldicarb (CB) Neonates, 24 h exp ChE 

24h-LC50 (immoti)=2.35 
(parathion), 0.233 
(dichlorvos) and 227.6 
(aldicarb) μg/L 

Concentration-dependent inhibition for all 
chemicals. EC50= 0.61 (parathion), 0.17 
(dichlorvos) and 95 (aldicarb) μg/L 

(Sturm and Hansen 
1999) 

Daphnia magna Chlorpyrifos, malathion 
(OP) and carbofuran (CB) 

 4th instar juveniles (4-5days), 24 h exp at 0 
to 1.4 nM of chlorpyrifos, 0 to 12 nM of 
malathion and 0 to 678 nM of carbofuran 
(values from Graph). 

AChE  

24h-LC50= 1.28 
(Chlorpyrifos), 
12.38(malathion) and 
762.93(carbofuran) nM 

Concentration-dependent inhibition, 24h 
EC50=1.2 (chlorpyrifos), 12.6(malathion) 
and 516.6(carbofuran) nM 

(Barata et al. 2004) 

Daphnia magna 
Parathion, chlorpyrifos, 
malathion, acephate (OP) 
and propoxur (CB) 

<24 h neonates , 48h exp at concentrations 
between LC1 and LC50 (Daphnia 
immobility) 

AChE 
 

LC50 (immobili.)= 7.03 
(parathion) 449.90 
(propoxur), 3.17 
(chlorpyrifos), 10.56 
(malathion) pM, and 
309.82 (acephate) μM 

Concentration-dependent inhibition, EC50= 
4.19 (parathion), 256.98 (propoxur), 1.40 
(chlorpyrifos), 9.48(malathion) pM, 94.98 
(acephate) μM 

(Printes and 
Callaghan 2004) 

Daphnia magna Malathion, parathion (OP) 
and piperonyl butoxide 

 <24h neonates, 48h exp at 0.01 μM of 
malathion, 0.1 μM of PBO and 0.01 μM of 
parathion 

AChE 

48h-LC50= 0.0107 
(malathion), 0.0113 
(parathion), 6.34 (PBO) 
μM 

 AChE was inhibited 48 and 36% 
approximately by malathion and parathion 
respectively. No effect of PBO 

(Rider and 
LeBlanc 2005) 

Daphnia magna DDT, Chlordane (OC) 21-d old, 48h exp at 2.2 μg/L of chlordane 
or 10.13 μg/L of DDT AChE 24h-LC50=10.13 (DDT), 

2.2 (chlordane) μg/L; 
AChE was inhibited 13.1 and 18.03% by 
DDT and chlordane respectively. 

(Martínez-Tabche 
et al. 1999) 
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Table 2.2-  Experiments performed with the aim of exploring biomarkers potential to assess pesticide contamination 

Organism Pesticide Experimental design (1) Endpoints LC (letality meaure) Effects on biomarkers References 

Gammarus pulex 
Lindane (OC), pirimiphos 
methyl (OP) and 
permethrin (pyrethroid) 

Adult (>5mm length), 24 or 48 h exp at 0 to 
49.15 μg/L of lindane, 0 to 0.45 μg/L of 
permethrin or 0 to 11.5 μg/L of pirimiphos 
methyl 

ChE 

24h-LC50 and 48h-LC50= 
18.32 and 5.49 (pirimiphos 
methyl), >0.45 and >0.45 
(permethrin) and >49.2 
and >49.2 (Lindane) μg/L 
respectively 

ChE inhibited by pirimiphos methyl (24h-
EC10=0.94, 48h-EC10=0.65) Inhibition of 
87% at highest conc. Not affected by 
lindane and permethrin.  

(McLoughlin et al. 
2000) 

Gammarus pulex Pirimiphos methyl (OP) 
Animals collected at river Chess, UK, 24h 
exposure. Initial concentrations: 0.059, 0.84 
and 140 μg/L 

AChE   
75.3% inhibition in the last concentration 
in the exposure 8 days after application. 
Identical pattern on lab test. 

(Crane et al. 1999) 

Hyalella azteca Azinphos methyl (OP) Up to 96h exp at 0.05, 0.5 and 2 μg/L  AChE  
30% induction at 0.5 μg/Land 44.8% 
inhibition at 2 μg/L   after 24h exposure. 
Further exposure had no significant effects.

(Day and Scott 
2002) 

Hyalella azteca Chlorpyrifos (OP) and 
methyl mercury  

Adult, 48 and 96 h exp at 0.04 to 0.4 nM of 
CPF, and 30 to 350 nM of MM (AChE 
analysis) and 0.04 to 0.28 nM of CPF and 
50 to 590 nM of MM (GST analysis) 

AChE  

At 48 h AChE is inhibited in a dose-
dependent manner by CPF and is not 
affected by MM. MM antagonized the 
effects of CPF in AChE inhibition.  

(Steevens and 
Benson 1999) 

Hyalella azteca and  
Atrazine (triazine 
herbicides) + chlorpyrifos, 
methyl parathion and 
diazinon (OP) 

14 to 21 d old, 
96 hours exposure ChE  

Atrazine in combination with each OP 
caused a significant increase in toxicity to 
H. azteca compared to OP’s dosed 
individually.  

(Anderson and 
Lydy 2002) 

Macrobrachium 
malcolmsonii Endosulfan (OC) 

Intermolt juveniles collected at Cauvery 
River, India, 21 days at 10.6, 16 and 32 
ng/L 

AChE 96h-LC50= 160 to 190 
ng/L 

Inhibition of AChE, max inhibition= 
31.1% 

(Bhavan and 
Geraldine 2001) 

Macrobrachium rosenbergii Trichlorfon (OP) Intermolt juvenils, 24h at 0, 0.2, and 0.4 
mg/L AChE  24h-LC50= 0.7739, 48h-

LC50= 0.3513mg/L 

32.4 and 36.4 % inhibition at 0.2 and 0.4 
mg/L respectively (hemolimph) and 46.3 
% inhibition at 0.4 mg/L (hepatopancreas) 

(Chang et al. 2006) 

Procambarus clarkii  Fenitrothion OP) 
Crayfish collected at irrigation channels at 
the Ebro Delta. Exp up to 48h at 4, 20 and 
100 μg/L. 

AChE  
Concentration-dependent inhibition, max 
inhibition of 47% at 20 μg/L, 48 h after 
exposure. 

(Escartin and Porte 
1996) 

Daphnia magna Malathion (OP) 7-d old, 30 min exp to 0.2 mg/L GST 
  No effect on GST.  (Bond and Bradley 

1997) 

Daphnia magna 
Endosulfan (OC) and 
Paraquat (Bipyridilium 
herbicides) 

 4th instar juveniles (4-5days), 48 h exp at 2, 
5 and 10 mg/L (paraquat) and 200, 400, 
600 and 800 μg/L 

GST  
48h-LC50= 11320.1 
(paraquat), 950 
(endosulfan) μg/L 

Concentration-dependent induction 
(maximum induction approximately 50% 
in paraquat and 60% in endosulfan) 

(Barata et al. 2005) 

Gammarus pulex 
Lindane (OC), pirimiphos 
methyl (OP) and 
permethrin (pyrethroid) 

Adult (>5mm length), 24 or 48 h exp at 0 to 
49.15 μg/L of lindane, 0 to 0.45 μg/L of 
permethrin or 0 to 11.5 μg/L of pirimiphos 
methyl 

GST 

24h-LC50 and 48h-LC50= 
18.32 and 5.49 (pirimiphos 
methyl), >0.45 and >0.45 
(permethrin) and >49.2 
and >49.2 (Lindane) μg/L 
respectively 

GST induced by permethrin (48h-
EC10=0.019) and lindane (24h-EC10=5.84, 
48h-EC10=2.30). Max induction of 39.1 
and 127.3% respectively. Not affected by 
pirimiphos methyl. 

(McLoughlin et al. 
2000) 
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Table 2.2-  Experiments performed with the aim of exploring biomarkers potential to assess pesticide contamination 

Organism Pesticide Experimental design (1) Endpoints LC (letality meaure) Effects on biomarkers References 

Hyalella azteca Chlorpyrifos (OP) and 
methyl mercury  

Adult, 48 and 96 h exp at 0.04 to 0.4 nM of 
CPF, and 30 to 350 nM of MM (AChE 
analysis) and 0.04 to 0.28 nM of CPF and 
50 to 590 nM of MM (GST analysis) 

GST  GST is not affected by either of them at 48 
h but is depressed by chlorpyrifos at 96h. 

(Steevens and 
Benson 1999) 

Macrobrachium 
malcolmsonii Endosulfan (OC) 

Intermolt juveniles collected at Cauvery 
River, India, 21 days at 10.6, 16 and 32 
ng/L 

GST 96h-LC50= 160 to 190 
ng/L Induction of GST, max induction= 87%. (Bhavan and 

Geraldine 2001) 

Insect       

Anax junius (odonata) Chlorpyrifos (OP) Nymphs, 24 h exp at 0.2, 0.6 and 1 μg/L ChE  No effect (concentrations likely to be 
found in the environment) 

(Brewer and 
Atchison 1999) 

Chironomus riparius Chlorpyrifos (OP) 3rd instar, 48h exp at 0.01, 0.05 and 0.10 
mg/kg dry sediment ChE  ChE inhibition at 2 highest concentrations. (Callaghan et al. 

2001) 

Chironomus riparius Chlorpyrifos (OP) 4th instar, 48h exp at 0.01, 0.05, 0.1, 1 and 
5 mg/L ChE  

ChE inhibition at 0.05 and 0.1 mg/L. 
Above 0.5 mg/L there was no readable 
activity. 

(Fisher et al. 2000) 

Chironomus riparius Fenitrothion (OP) 4th instar, 24 h exp at 2, 5, 10 and 20 μg/L ChE  
Concentration-dependent inhibition of ChE 
(inhibition ranged from 28.6 to 90.4 % 
relative to control). 

(Choi et al. 2000) 

Chironomus riparius Pirimiphos-methyl (OP) 4th instar, 48 and 96h at 0, 5, 10 and 50 
ng/g AChE   Inhibition of AChE at 10 ng/g (70-90% 

approximately). (Crane et al. 2002) 

Chironomus riparius Pirimiphos methyl (OP) 4th instar, 48, 72 or 96 h exp at 0.1, 1 and 10 
μg/L AChE   Concentration-dependent inhibition of 

AChE. 
(Callaghan et al. 
2002) 

Chironomus riparius Parathion, dichlorvos (OP) 
and aldicarb (CB) 4th instar, 24h exp ChE 

24h-LC50 (immoti)=7.2 
(parathion), 10-20 
(dichlorvos) and 23 
(aldicarb) μg/L 

Concentration-dependent inhibition for all 
chemicals. EC50= 2.9 (parathion), 6.2 
(dichlorvos) and 27 (aldicarb) μg/L 

(Sturm and Hansen 
1999) 

Chironomus riparius 
Lindane (OC), pirimiphos 
methyl (OP), permethrin 
(pyrethroid)  

4th instar, 24 and 48h exp at 0.1, 0.5, 1 and 
5 mg/g sediment. AChE   

Concentration-dependent inhibition of 
AChE by pirimiphos methyl, no effect of 
permethrin, effect of lindane but probably 
a Type I error.  

(Kheir et al. 2001) 

Chironomus riparius 
Pirimiphos methyl (OP), 
carbofuran (CB), 
permethrin (pyrethroid) and 
lindane (OC) 

4th instar, 24h exp at 0, 4, 8, 16 and 32 μg/L 
(additional concentration of 64 μg/L for 
lindane) 

ChE 

24h-LC50= 27.2 
(carbofuran), 63.8 
(pirimiphos methyl), 16.6 
(permethrin) and 45.3 
(lindane) μg/L 

Concentration-dependent inhibition of 
AChE  by pirimiphos methyl and 
carbofuran. 24h-EC50= 3 (PM) and 12 
(carb) μg/L corresponding to 20-40% 
mortality of the test population AChE was 
inhibited 12.2% by permethrin in the 
highest concentration. No effect of lindane.

(Ibrahim et al. 
1998) 

Chironomus riparius 
Chlorpyrifos (OP), atrazine 
(triazine herbicides) and 
metolachlor (OC) 

Mesocosms; 2nd to 3rd instar larvae, 19 h 
exp at 50 (atrazine), 50 (matolachlor) 0.5 
(chlorpyrifos) μg/L and mixture of the 

AChE  
No effect of atrazine or metolachlor. 
Inhibition by CPF (95%), no potentiation 
of CPF inhibition by mixture. 

(Beauvais et al. 
1999) 
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Table 2.2-  Experiments performed with the aim of exploring biomarkers potential to assess pesticide contamination 

Organism Pesticide Experimental design (1) Endpoints LC (letality meaure) Effects on biomarkers References 
three. 

Chironomus riparius Lindane (OC) and 
pirimiphos-methyl (OP) 

Microcosms,  4th instar, 48 h exp at 50 
μg/L (initial concentrations) AChE   

75% inhibition by pirimiphos methyl in the 
exposure 16 days after application. No 
effect of lindane. 

(Maycock et al. 
2003) 

Chironomus tentans 
Atrazine and cyanazine 
(triazine herbicides ) + 
chlorpyrifos (OP) 

4th instar, 48h exp at 0.25 μg/L of CPF; 1, 
10, 100 and 1000 μg/L of atrazine and 
cyanazine; and mixture of CPF and atrazine 
or cyanazine. 

ChE 48h-LC50=0.49 μg/L 
(chlorpyrifos) 

32, 27.7 and 25.7% inhibition by CPF, 
atrazine and cyanazine alone respectively. 
Both atrazine and cyanazine increased the 
toxicity of CPF. 

(Jin-Clark et al. 
2001) 

Chironomus tentans 
Dimethoate, disulfoton, 
omethoate, demeton-S-
methyl (OP) + atrazine 
(triazine herbicides) 

4th instar, 48h exp at 48h-LC25  of the OPs 
alone and in binary combination with 0, 1, 
10, 100 and 1000 μg/L  of atrazine 

AChE 

48h-LC50=248.9 
(dimethoate), 483.8 
(omethoate), 109.9 
(disulfoton) and 92.4 
(demeton-S-methyl)  μg/L 

Atrazine has no effect on AChE activity 
but increased the AChE inhibition caused 
by all OP tested except for omethoate. 
OPs alone caused 30-40 % inhibition. 
 

(Anderson and Zhu 
2004) 

Chironomus tentans 
Atrazine (triazine 
herbicides) + chlorpyrifos, 
methyl parathion and 
malathion  (OP)  

4th instar, 24 h exp at 200ng/L of atrazine; 
96h-LC1 and 96h-LC50 of CPF, MP and M 
and binary mixtures of atrazine + each OP 

AChE 96h-LC50= 0.39 (CPF), 32 
(MP) and 1.5 (M)  μg/L 

OPs inhibit AChE. Atrazine has no effect 
on AChE activity, increases toxicity of 
CPF but not MP or malathion 

(Belden and Lydy 
2001) 

Chironomus xanthus Deltamethrin (pyrethroid) Microcosms,  4th instar, 24h exp at 0.05, 
0.15, 1 and 3 mg/L AChE   Inhibition at all doses tested (26-71%). (Moreira-Santos et 

al. 2005) 

Claassenia. sp Chlorpyrifos and 
fenotrothion (OP) 

≥3.0 cm animals collected at Credit River, 
Ontario, up to 72h exp at 20, 40, 60 and 80 
μg/L (chlorpyrifos) and 1, 2 and 10 μg/L 
(fenitrothion)  

AChE  

After 24 h exposure to chlorpyrifos, 
inhibition at all doses tested (max 
inhibition= 70%). After 24h exposure to 
fenitrothion, induction (40-50%) in treated 
animals. Further exposure caused 
inhibition but not satistically significant. 

(Day and Scott 
2002) 

Mayflies Ephemerella sp, 
caddisflies Hydropsyche sp, 

Azinphos methyl and 
fenitrothion (OP) 

Animals collected at Credit River, Ontario, 
24h and 48h exp at 0.5 and 5 μg/L  

AChE  No effect. (Day and Scott 
2002) 

Hydropsyche pellucidula Fenitrothion (OP) Animals collected from Ticino River, Italy; 
24h exp to 0.1 and 1 mg/L (sublethal doses) AChE No mortality 93 and 97% AChE inhibition and 40 and 

39%. (Berra et al. 2006) 

Hydropsyche slossonae Malathion (OP)  4h instar larvae, 20 days exp AChE   AChE inhibition at concentrations of 0.1 
μg/L 

(Tessier et al. 
2000) 

Aedes aegypti Temephos (OP) 4th instar, 12h at 0.1 and 0.05 μg/L GST  No effect. (Boyer et al. 2006) 

Chironomus riparius Chlorpyrifos (OP) 3rd instar, 48h exp at 0.01, 0.05 and 0.10 
mg/kg dry sediment GST  No effect. (Callaghan et al. 

2001) 

Chironomus riparius Fenitrothion (OP) 4th instar, 24 h exp at 2, 5, 10 and 20 μg/L GST  Induction of GST not correlated with 
concentration. (Choi et al. 2000) 

Chironomus riparius Pirimiphos-methyl (OP) 4th instar, 48 and 96h at 0, 5, 10 and 50 
ng/g GST  No effect (Crane et al. 2002) 
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Table 2.2-  Experiments performed with the aim of exploring biomarkers potential to assess pesticide contamination 

Organism Pesticide Experimental design (1) Endpoints LC (letality meaure) Effects on biomarkers References 

Chironomus riparius Pirimiphos methyl (OP) 4th instar, 48, 72 or 96 h exp at 0.1, 1 and 10 
μg/L GST  Induction at highest concentration (Callaghan et al. 

2002) 

Chironomus riparius 
Lindane (OC), pirimiphos 
methyl (OP), permethrin 
(pyrethroid)  

4th instar, 24 and 48h exp at 0.1, 0.5, 1 and 
5 mg/g sediment. GST  No effects by none of the toxics. (Kheir et al. 2001) 

Chironomus riparius Lindane (OC) 4th instar, 48h exp 0, 0.01, 0.1, 0.5, 0.75 and 
1 mg/L GST  

Mean values for activity were bellow the 
control but differences not statistically 
significant. 

(Hirthe et al. 2001) 

Hydropsyche pellucidula Fenitrothion (OP) Animals collected from Ticino River, Italy; 
24h exp to 0.1 and 1 mg/L (sublethal doses) GST No mortality GST induction at 0.1 and 1 mg/L 

respectively. (Berra et al. 2006) 

Mollusc       

Amblema plicata  Chlorpyrifos (OP) 
65-105mm (shell length) animals collected 
at St. Croix River, Minesota, 12, 24 and 
96h exp at 0.1, 0.2, 0.3, 0.6 and 1.2 mg/L. 

ChE  Inhibition only at 96 h at 0.2-1.2 mg/L (40 
– 61% inhibition) (Doran et al. 2001) 

Biomphalaria glabrata Azinphos-methyl (OP) Adults (18± 2mm), 48h exp at 0.05, 0.5, 
2.5, 5, 10 and 15 mg/L ChE No mortality 

Concentration-dependent inhibition (66% 
inhib at highest conc), EC50= 5.96, NOEC= 
0.5  mg/L 

(Kristoff et al. 
2006) 

Corbicula fluminea Parathion, paraoxon, 
fenitrothion (OP) 

Animals collected from Rio de la Plata, 24 
h exp at 20, 40 and 80 μg/L (parathion), 10, 
50 and 100 μg/L (fenotrothion) and 2, 5, 10 
and 20 μg/L (paraoxon). 

 ChE-S 
ChE-P  All cause ChE inhibition.  Paraoxon is the 

inhibitoriest. 
(Basack et al. 
1998) 

Elliptio complanata, 
Corbicula fluminea 

Aldicarb (CB) and acephate 
(OP) 

96h exposure at 0, 1.3, 5, 20, 80 and 320 
mg/L ChE  

Concentration-dependent inhibition by 
acephate and and aldicarb in E. 
complanata. No effect of acephate on 
C.fluminea. and stimulatory effect at 
concentrations of aldicarb between 1.3 and 
80 mg/L. Slight inhibition at 320 mg/L. 

(Moulton et al. 
1996) 

Corbicula fluminea Carbaryl (CB) and methyl 
parathion (OP) 

20-22mm animals collected in Cazaux-
Sanguinet Lake, France, 24h exp at 0-1 
mg/L (value from graph). 

ChE  
No effect of methyl parathion. 
Concentration-dependent inhibition by 
carbaril, EC50-24h= 0.190 mg/L 

(Mora et al. 1999b) 

Corbicula fluminea Chlorpyrifos (OP) 
16-23mm animals collected from the Little 
Black River, Missouri 96h exp at 0, 0.05, 
0.1, 0.5, 1, 3.13, 6.25, 12.5, 25 and 50 mg/L

ChE   

84 and 87% inhibition of at concentrations 
of 0.5 and 1 mg/L at the end of 96h (in 
higher concentrations animals closed 
valves and no toxic effect was observed) 

(Cooper and 
Bidwell 2006) 

Corbicula fluminea Fenitrothion (OP) 96h exposure at 2 mg/L AChE 96h-LC50=10.1 mg/L Inhibition of AChE. (Oneto et al. 2005) 

Pila globosa  Butachlor 3, 3, 12, 24 and 48h exp to 26.6 mg/L AChE  Concentration-dependent inhibition  (Rajyalakshmi et 
al. 1996) 

Pomaceae patula  Carbaryl (CB) Animals collected from Catemaco lagoon, 
Mexico, up to 72h exp at 1/10 of 96h- LC50

AChE 96h-LC50=14.6μg/L Time-dependent inhibition up to 7 hours, 
further exposure didn’t change the degree (Mora et al. 2000) 
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Table 2.2-  Experiments performed with the aim of exploring biomarkers potential to assess pesticide contamination 

Organism Pesticide Experimental design (1) Endpoints LC (letality meaure) Effects on biomarkers References 
of inhibition. 

Corbicula fluminea Fenitrothion (OP) 96h exposure at 2 mg/L GST 96h-LC50=10.1 mg/L Induction of GST. (Oneto et al. 2005) 

Lymnaea palustris 
Hexachlorobenzene (OC) 
and atrazine (triazine 
herbicide) 

Mesocosms, animals collected from a 
freshwater drainage ditch, France, 21-d exp 
at 5, 25 and 125 μg/L of atrazine and 0.5, 
1.25 and 5 μg/L of HCB. 

GST  
No effects of HCB.  Concentration-
dependent induction by atrazine (max 
induction= 15% approximately). 

(Baturo and 
Lagadic 1996) 

Sphaerium corneum  Lindane (OC) 

7-12mm adult bivalves collected from the 
canal Langbroeker Wetering, the 
Nederlands, 10-12 days exp to sediment 
spiked with  2500, 5000 and 10000 μg/Kg  

GST  
No significant effect. No significant 
decrease (21%) of activity in the highest 
dose. 

(Looise et al. 1996) 

Sphaerium corneum  Dieldrin, lindane (OC) 

7-12mm adult bivalves collected from the 
canal Langbroeker Wetering, the 
Nederlands, 7-8 days exp at 0.14, 0.81, 4.9
and 29 (dieldrin) and 0.8, 4.8, 29 and 173 
(lindane) μg/L 

GST  
No significant effect. No significant 
decrease (20 and 19%) on the two highest 
concentrations of dieldrin. 

(Looise et al. 1996) 

LC50- concentration that leads to 50% mortality 

EC50- concentration that leads to 50% of ChE inhibition 

(1) Experimental design: specification of age/size of test animals and provenience when not maintained in the laboratory, exposure time and toxic concentrations 

(2) Abbreviations: OP-organophosphorous pesticides, OC- organochlorine pesticides, CB- carbamate, CPF- chlorpyrifos, PBO- piperonyl butoxide, MM-methyl mercury, MP- 

methyl parathion, M-malathion 
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2.3.1. CHOLINESTERASE 

The primary acute OP toxicity is associated with the inhibition of acetylcholinesterase, a 

critical enzyme in the normal function of the nervous system, which results in the 

accumulation of acetylcholine in the synaptic gap leading to disruption of the nervous 

system. ChE activity has been one of the most important endpoints in assessing wildlife 

exposure to OP and carbamate pesticides. 

a) Annelids and crustacean 

The only published account for the Annelid group reported ChE activity in Lumbriculus 

variegatus demonstrating azinphos methyl concentration-dependent inhibition where 

inhibition levels as high as 99% did not result in mortality (Kristoff et al. 2006). For the 

crustacean group a large number of publications refer to a concentration dependent-

inhibition of ChE with OP and carbamate pesticides (Table 2.2). This has been 

documented for Daphnia magna with the OPs malathion, ethyl parathion, paraoxon, 

parathion, dichlorvos, chlorpyrifos, acephate and for the carbamate aldicarb, carbofuran 

and propoxur (Barata et al. 2001; Barata et al. 2004; Guilhermino et al. 1996b; Printes 

and Callaghan 2004; Sturm and Hansen 1999); Gammarus pulex for the OP pirimiphos 

methyl (McLoughlin et al. 2000); Hyalella azteca for the OP chlorpyrifos (Steevens and 

Benson 1999); and for Procambarus clarkii for the OP fenitrithion (Escartin and Porte 

1996). These observations are in accordance with the expectations based on the mode of 

action of carbamates and OP pesticdes. Attempts have been made to relate ChE 

inhibition and acute toxicity. Three studies using Daphnia magna (Barata et al. 2004; 

Printes and Callaghan 2004; Rider and LeBlanc 2005) showed a ratio IC50/LC50 ≈ 1 for 

the OP malathion, meaning that a concentration resulting in 50% mortality also inhibits 

ChE by 50%. Nevertheless, this ratio is variable among the different chemicals ranging 

from 0.3 for acephate (Printes and Callaghan 2004) to 0.94 for chlorpyrifos (Barata et 

al. 2004) in crustaceans. It is therefore not possible to establish a statistically significant 

relationship between the levels of ChE inhibition and mortality. 

In relation to OC and pyrethroid pesticides,  McLoughlin et al. (2000) found no effect of 

lindane and permethrin on ChE activity of Gammarus pulex, as expectable for a 

carbamate/OP specific biomarker. Although, this specificity has been questioned by 

studies like Crane et al. (2002) and Bhavan and Geraldine (2001) in which Daphnia 
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magna AChE is inhibited by DDT and chlordane and Macrobrachium malcolmsonii 

AChE is inhibited by endosulfan respectively.  

b) Insects 

Thirteen previous studies refer to the use of OP and carbamate on chironomids 

including chlorpyrifos, demeton-S-methyl, dichlorvos, dimethoate, disulfoton, 

fenitrothion, malathion, methyl parathion, omethoate, parathion, pirimiphos methyl, 

aldicarb and carbofuran with all resulting in variable degrees of ChE inhibition (Table 

2.2). Amongst other insect families the same general trend of ChE inhibition is observed 

except in some cases where concentrations used were not high enough to elicit a 

response (Brewer and Atchison 1999; Day and Scott 2002). These last authors, finding 

no inhibition of ChE in Anax junius exposed to concentrations of chlorpyrifos likely to 

be found in the natural environment questioned the ecological relevance of testing ChE 

inhibition.  

With respect to OC and pyrethroids, no effect of lindane on the ChE activity has been 

reported for chironomids (Ibrahim et al. 1998; Maycock et al. 2003) whilst other studies 

have reported an inhibition for permethrin (Ibrahim et al. 1998; Moreira-Santos et al. 

2005) or no effect (Kheir et al. 2001). Of the four published papers, that focus on the 

effect of mixtures between triazine herbicides and OP pesticides on ChE activity in 

chironomids species, only one (Jin-Clark et al. 2001) found that triazine herbicides 

(atrazine and cyanazine) inhibited ChE. Several pesticides interact synergistically with 

triazine herbicides enhancing the inhibition effect of ChE, namely: chlorpyrifos, 

dimethoate, disulfoton and demeton-S-methyl but not omethoate, methyl parathion or 

malathion (Anderson and Zhu 2004; Belden and Lydy 2001; Jin-Clark et al. 2001). 

Maycock et al. (2003) observed no increase of chlorpyrifos inhibition in mixture with 

triazine and matolachlor.  

c) Molluscs 

Inhibition of ChE following exposure to OP and carbamate pesticides has been observed 

for the molluscs: Amblema plicata exposed to chlorpyrifos, Biomphalaria glabrata 

exposed to azinphos methyl, Elliptio complanata exposed to aldicarb and acephate, 

Pomaceae patula exposed to carbaryl and Corbicula fluminea exposed to parathion, 

paraoxon, fenitrothion and carbaryl (Doran et al. 2001; Kristoff et al. 2006; Mora et al. 

2000; Mora et al. 1999b; Moulton et al. 1996; Oneto et al. 2005). Nevertheless, ChE 
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activity in Corbicula fluminea appears to be unaffected by acephate or methyl 

parathion, whilst an irregular response was observed for aldicarb with increasing 

activity occurring at concentrations between 1 and 80 mg/L and a slight inhibition at the 

highest concentration (320mg/L) (Mora et al. 1999b; Moulton et al. 1996). Moreover, 

Cooper and Bidwell (2006) found that Corbicula fluminea ChE is inhibited by 

concentrations of chlorpyrifos between 0.5 and 1 mg/L, however, higher concentrations 

result in valve closure and no toxic effect is observed. Attention is therefore needed 

when using bivalves to assess OP and carbamate contamination. Mora et al. (1999a) 

studied freshwater and marine mussels calculating  ki value to compare the sensitivity of 

the ChEs in bivalves with enzymes from various species representative of different 

phyla. They found the enzymes of bivalves to be less sensitive than those from 

vertebrates, insects and nematodes. 

2.3.2. GLUTATHIONE S-TRANSFERASE 

Mixed function oxygenase (MFO) and GST are detoxification enzymes with low level 

of substrate specificity that are employed in the metabolism of different classes of 

organic xenobiotics. Their activity can be enhanced in response to xenobiotics, making 

them potentially suitable candidate as a stress specific indicator of organic xenobiotic 

pollution (Lagadic et al. 1994). Few studies have been conducted using GST on 

freshwater invertebrates to assess contamination of pesticides. 

a) Annelids and crustacean 

Several studies conducted with pesticides that not OP found an increase of GST activity 

on annelids and crustacean as it is the case of Daphnia magna exposed to endosulfan 

and paraquat (Barata et al. 2005), Gammarus pulex exposed to permethrin and lindane 

(McLoughlin et al. 2000), Tubifex tubifex exposed to the urea compound isoproturon  

(Mosleh et al. 2005) and Macrobrachium malcolmsonii exposed to endosulfan (Bhavan 

and Geraldine 2001). Evidence with respect to OP pesticides suggests low sensitivity of 

this enzymes to this type of compounds as it is the case of Daphnia magna and 

Gammarus pulex exposed to malathion and pirimiphos methyl respectively (Bond and 

Bradley 1997; McLoughlin et al. 2000) where no effect on enzyme activity was 

observed. There is however a study by Steevens and Benson (1999) finding that GST in 

Hyalella azteca exposed to chlorpyrifos is not affected for a 48h exposure but becomes 

inhibited at 96h.  
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b) Insects 

Four studies have shown that insect GST appear to be unaffected by OP pesticides: 

Aedes aegypti exposed to temephos (Boyer et al. 2006) and Cironomus riparius exposed 

to chlorpyrifos and pirimiphos methyl (Brewer and Atchison 1999; Crane et al. 2002; 

Ibrahim et al. 1998). The lack of response of GST to several OPs is widely considered 

to be due to the existence of several GST isoenzymes or, alternatively, because the ones 

existing in the studied organisms were not sensitive to that target toxic (Kheir et al. 

2001). However two studies have shown the induction of GST in Chironomus riparius 

exposed to fenitrothion and pirimiphos methyl (Callaghan et al. 2002; Choi et al. 2000) 

although the induction was not correlated with concentration. Another work shows the 

induction of GST in Hydropsyche pellucidula exposed to fenitrothion (Berra et al. 

2006). Only two studies have focused on the response of GST to OC and pyrethroid 

pesticides, both using Chironomus riparius: one found that lindane and permethrin had 

no effect (Kheir et al. 2001); the second found a slight inhibition after exposure to 

lindane, however the response was not statistically significant (Hirthe et al. 2001). 

c) Molluscs 

Two studies investigating the OC pesticides hexachlorobenzene, lindane and dieldrin 

(Baturo and Lagadic 1996; Looise et al. 1996) found no induction of GST. A study 

based on OP found induction occurred in Corbicula fluminea after exposure to 

fenitrothion (Oneto et al. 2005) and a concentration-dependent induction was observed 

after Limnea palustris was exposed to atrazine (Baturo and Lagadic 1996). 

In general chlorinated compounds appear to demonstrate a weak capacity to induce GST 

in molluscs and insects. 

Contradictory results have complicated the interpretation of the functional role of GST 

in the metabolism of environmental pollutants in invertebrates. Lagadic et al. (1994) 

pointed out that biotransformation activity and its responsiveness to organic xenobiotics 

is usually lower in invertebrates and further research needs to be done in order to fully 

understand biological significance of detoxification enzymes responses to pollutants.  

2.4. EXPOSURE TYPE INFLUENCE 

Many biomarker responses have a transient temporal feature and depend on the nature 

of the exposure to the toxicant. Duration of the response, differences in the rate of 
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recovery and the response to pulse exposure compared to continuous exposure represent 

important factors to the accurate interpretation of contaminant effects. Table 2.3 

summarises experiments describing these temporal aspects which can often represent 

the decisive factor in overall toxic effect.  

In general the intensity of the response is expected to increase as exposure time is 

increased, as it is the case for M. malcolmsonii exposed to endosulfan where AChE was 

increasingly inhibited and GST was increasingly induced over the 21 days of exposure 

(Bhavan and Geraldine 2001). Nevertheless, for ChE exposure time seems to have no 

effect if concentrations used are too low or too high (Callaghan et al. 2002; Escartin and 

Porte 1996; Mora et al. 2000). In general effects on ChE activity are immediate. 

Regarding GST works suggest that effects of toxic action are not always immediately 

observed and can be altered with exposure time (Callaghan et al. 2002; Mosleh et al. 

2005; Steevens and Benson 1999).  

Duration of exposure alters the intensity of effects and the recovery potential of the 

individual. Experiments to assess invertebrate recovery have been performed by 

transferring invertebrates to clean medium following pesticide exposure and measuring 

endpoints at different post-exposure times. The type of pesticide, the concentration and 

the post-exposure time appear to be the most important determinants of recovery. Two 

studies (Table 2.3)  have compared the recovery of ChE levels after exposure to OP and 

carbamate pesticides groups. Moulton et al. (1996) found that the freshwater mussel E. 

complanata exposed to the OP acephate or to the carbamate aldicarb recuperated to 28-

34% and 89-104% of control levels respectively after 24 days in clean water while 

Barata et al. (2004) found that Daphnia magna exposed to the OP chlorpyrifos and 

malathion and to the carbamate carbofuran recuperated to control levels after 96h for 

OP and in less than 12h for carbamate. The authors related the slower recovery OP-

inhibited AChE to the reestablishment of the enzyme activity which depends on de novo 

synthesis, while carbamate pesticides are reversible inhibitors. Thompson (1999) 

explained that inhibition of B esterases (the group to which ChE belongs) occurs 

through the reaction of the OP with the serine at the active site of the enzyme. This 

inhibition occurs at very low concentration and reactivation of the phosphorilated 

enzyme is very slow. Carbamate compounds can carbamylate the serine moiety at the 

active site of B esterase, however the interaction is less strong and carbamylated 

esterase can spontaneously reactivate over a period of time, following dilution or 

substrate competition. This general thesis is supported by various studies that 
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demonstrate a longer post-exposure period needed to recover after exposure to OP 

pesticides. Escartin and Porte (1996) calculated a period of 21 days for the recovery of 

the crayfish P. clarkia exposed to fenitrothion, while Kristoff et al. (2006) found partial 

recovery of the ChE levels in the Gastropod B. glabrata exposed to azinphos-methyl 

EC50 on day 7 with no further recovery apparent until the end of the test. L. variegatus 

exposed to the same conditions demonstrated nearly complete recuperation by 21 days. 

The same author found no significant recovery in L. variegatus when it was previously 

exposed to EC90 instead of EC50, although some recuperation of mobility was noted. 

These works show that recovery takes always more than 6 times the exposure duration 

period. Moreover, they suggest that time for recovery depends on the test-species and 

the pesticide type, and that recovery is proportional to both the dose and exposure time. 

Under natural conditions exposure to contaminants is often pulsed rather than 

continuous. The standardised laboratory tests, based on continuous exposure therefore 

are likely to represent the worst-case scenario. Several studies, although not measuring 

biomarkers activity, have reported the dynamics of pulse toxicity and recovery: 

Andersen et al. (2006) exposed Daphnia magna to dimethoate and pirimicarb. 

Following the first exposure pulse organisms regained mobility 24h after their transfer 

to clean medium. However, exposure to a second pulse 48h, after the first one showed a 

marked effect on mortality and mobility of animals. Even though animals recovered 

their mobility after exposure has ceased, post-exposure time was not sufficient to regain 

their original vitality and exposure to a second pulse was fatal for many animals. 

Exposing Hyalella azteca to copper sulphate and sodium pentachlorophenol (NaPCP)  

Zhao and Newman (2006) found that if enough time between pulses is provided in clean 

water, animals recover from the first pulse and no cumulative effects are apparent.  

Kallander et al. (1997) obtained similar findings to C.riparius exposed to the 

carbamates aldicarb, carbaril and carbofuran but found cumulative effects for C. 

riparius  exposed to the OPs malathion and parathion regardless of the time interval 

between pulses. The same author measured AChE in C. riparius after two 1-h pulses 

with carbaril (24h interval) and found that levels return to normal 6-h after the first 

pulse and in these conditions no cumulative increase in inhibition occurred after second 

pulse with activity returning to control levels after 6h in clean water. The occurrence of 

permanent damage to an organism depends on the chemical concentration and exposure 

duration, with tissue recovery determined by the severity of the damage and the 

environmental conditions. Given sufficient time between pulses, an organism can often 
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recover from the previous exposure through processes such as detoxification, 

elimination and/or the healing of damaged tissue. Pulse-exposure toxicity depends on 

the time between pulses. In some cases effects are irreversible and recovery does not 

occur because organism accumulates chemical concentrations that exceed their critical 

body burden, or because the recovery period was not long enough.  
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Table 2.3- Experiments dealing with exposure time, pulse exposure and recovering 

 

Species Chemical Enzyme Exposure design Results Reference 
Chironomus 
riparius 

Pirimiphos 
Methyl 

AChE 48, 72 or 96h at 0, 0.1, 1 and 10μg/L Inhibition at 1 μg/L (LOEC); little effect of exposure time (Callaghan et al. 2002) 

Pomaceae patula Carbaryl AChE  72h exposure at 1/10 of 96h- LC50 followed by 
transference to clean water for 7 h. 

Time-dependent inhibition up to 7 hours, further exposure didn’t change the 
degree of inhibition, there was no recovery transference to clean medium. 

(Mora et al. 2000) 

Procambarus 
clarkii 

Fenitrothion AChE 48h exposure to 4, 20 and 100 μg/L; AChE 
measured at 2, 4, 8, 12, 24 and 48h. 48h 
exposed org transferred to clean water and 
AChE measured at 4, 7, 14 and 21days 

At 20μg/L an increase of ChE inhibition is observed through time. At highest 
concentration no significant increase on ChE inhibition is detected over time. 
Recovery of ChE levels in organisms exposed to 20μg/L is 21 days. 

(Escartin and Porte 1996) 

Biomphalaria 
glabrata 

Aprox. 60% of control after exposure. Partially recover at day 7 (72%); no further 
recover until the end.  

Lumbriculus 
variegatus 

Azinphos 
Methyl 

ChE 48h exposure to 5 mg/L (EC50) for B. glabrata 
and 0.006 (EC50) and 0.1 (EC90) for L. 
variegates, followed by transference to clean 
water. Measurements of ChE after 0, 7, 14 and 
21 days. 

Aprox. 50% of control after exposure. 95% of control. at day 21; After exposure to 
EC90, <10% of control activity and no significant recovery could be observed after 
21 days although some recuperation on mobility is noted. 

(Kristoff et al. 2006) 

Macrobrachium 
alcolmsonii 

Endosulfan AChE 21 days Exposure to 0, 10.6, 16, and 32 ng/L. 
Enzyme measurements at 1, 8, 15 and 21 days 

AChE was inhibited during the 21 days of exposure (Bhavan and Geraldine 2001) 

Chlorpyrifos,
malathion 

Aprox. 40% of control after exposure, 50% after 24 h post exposure and near 
control at 96 h 

Daphnia magna 

carbofuran 

AChE 48 h exposure to 24h_LC50 followed by 
transference to clean medium.  Measurements 
of AChE at 1, 12, 24, 48, 72 and 96h. 

Aprox 60% of control after exposure, recover to control levels shortly after 
transfer (<12h). 

(Barata et al. 2004) 

Chironomus 
riparius 
 

Carbaryl AChE Two 1-h pulses of a single dose (EC50 for 
inhibition of AChE) followed by transference 
to clean water (24 h interval). Measurements of 
AChE at 0, 3, 6 and 12h after each pulse.  

After 1st exposure, initial depressed levels returned to control levels after 6 h in 
clean water. After the second pulse inhibition was similar to the first pulse (no 
cumulative increase in inhibition occurred) and levels recovered within 6 hours to 
control or above. 

(Kallander et al. 1997) 

Hyalella azteca Chlorpyrifos GST 48 and 96 h at 0.04, 0.14 and 0.28 nM GST was inhibited at 96 h but no at 48h. (Steevens and Benson 1999) 

Tubifex tubifex Isoproturon 
(herbicide) 

GST 2,4,7 days at 0.1, 1 and 10 mg/L. At 10mg/L induction was higher at 4 than at 2 or 7, Second highest concentration 
only induced GST on day 4 and 7. 

(Mosleh et al. 2005) 

Macrobrachium 
alcolmsonii 

Endosulfan GST GST activity increased during the 21 days of exposure. 21 days Exposure to 0, 10.6, 16, and 32 ng/L. 
Enzyme measurements at 1, 8, 15 and 21 days 

(Bhavan and Geraldine 2001) 
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2.5. RELATIONSHIP BETWEEN BIOMARKERS RESPONSES AND CONVENTIONAL 

ENDPOINTS 

The challenge for biomarkers is the ability to relate the presence of a chemical in the 

environment with a valid prediction of a subsequent hazard to populations and the 

structure and function of ecological communities (Kendall et al. 2001). With respect to 

ChE, the inhibition of the enzyme activity is only informative if it can be linked to 

endpoints that have a clear significance for the survival and reproductive success of 

organisms (Scholz and Hopkins 2006). Several studies have attempted to establish a 

relationship between inhibition of ChE activity and behavioural and physiological 

changes to provide ecologically meaningful description of OP exposure, namely the 

degree of inhibition resulting in mortality. Concentrations resulting in 50% mortality (or 

immobility) were found to cause ChE inhibition between 53-99% in D. magna and C. 

riparius exposed to parathion, dichlorvos and aldicarb (Sturm and Hansen 1999) and 

50% in Daphnia magna  exposed to ethyl parathion (Barata et al. 2001). Concentrations 

that resulted in 84% mortality were found to cause an inhibition of ChE of 73.5% in 

Gammarus pulex exposed to pirimiphos methyl (Crane et al. 1999). Survival 

impairment was observed by Barata el al (2004) in Daphnia magna exposed to 

chlorpyrifos, malathion and carbofuran at inhibition levels of AChE higher than 50%, 

while less than 40% inhibition was needed to impair survival for carbamate exposure. 

Callaghan el al (2001) observed paralysis of Chironomus riparius  exposed to 

chlorpyrifos that was correlated with an inhibition of ChE greater than 80%, while no 

mortality was observed in Hydropsyche pellucidula exposed to fenitrothion 

concentrations that induced an inhibition of 97% (Berra et al. 2006) and in Lumbriculus 

variegatus exposed to azinphos methyl concentrations with 90% ChE inhibition, 

confirming that high levels of ChE inhibition are not necessarily associated with toxic 

effects (Kristoff et al. 2006). Detrimental effects on mobility (20% or greater) were 

related to 50% AChE inhibition in Daphnia magna exposed to parathion, chlorpyrifos, 

propoxur and malathion while exposure to acephate caused no effects on mobility at 

levels of 70% inhibition of AChE (Printes and Callaghan 2004). Several workers have 

shown the higher sensitivity of ChE activity compared to measurements based on lethal 

dose (McLoughlin et al. 2000; Moreira-Santos et al. 2005). A direct relationship 

between the degree of inhibition and toxicity might not be expected; different pesticides 

will have different affinities to the active site of AChE and therefore different doses will 
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be required to achieve 50% of AChE inhibition. Mortality may also result from the 

indirect effects of pesticides such as binding to other enzyme systems such as the non-

specific carboxylesterases making it difficult to correlate AChE depression and 

mortality. Overall, it appeas that the level of AChE inhibition that can be used to 

distinguish between an early warning and a false alarm depends on the species used and 

the pollutant in question. 

Some studies have attempted to link the reduction of enzyme activity to effects on 

ecologically-relevant parameters such as growth, behaviour or reproductive function. 

Callaghan et al. (2001) found that the behaviour and life history parameters of C. 

riparius (burrowing behaviour, female weight and time to emergence) were only 

sensitive to concentrations of chlorpyrifos that lead to 80% inhibition of ChE, while 

Crane el al (2002) observed a reduced larval weight and reduced adult fecundity after 

exposure to pirimiphos methyl at concentrations inhibiting ChE. Chang et al. (2006) 

observed changes in gill histoarchitecture of Macrobrachium rosenbergii exposed to 

concentrations of trichlorfon resulting in 36.4% inhibition of of AChE. Cooper and 

Bidwell (2006) observed a reduction in burrowing activity of Corbicula fluminea 

exposed to chlorpyrifos at concentrations associated with a 84-87% inhibition of ChE. 

At higher concentrations bivalves tend to avoid toxicants by valve closure with a 

subsequent reduction in filtration rates, providing a behavioural response that can 

seriously limit their utility in short-term bioassays. 

The above examples of physiological and/or behavioural responses that endanger the 

test species are related with high levels of ChE inhibition, thus providing an effective 

biomarker of conditions since the response implies an effect of ecological relevance. At 

the lowest inhibition levels ChE is merely indicating the presence of a chemical in the 

water, providing a biomarker of exposure that may or may not have ecological 

significance. Some authors have found ChE inhibition to be less sensitive than other 

biological parameters. Tessier et al. (2000) observed anomalies in the net-spinning 

behaviour (symmetry anomalies) of Hydropsyche slossonae with the degree of 

impairment linearly related to AChE inhibition under exposure to malathion. 

McLoughlin et al. (2000) observed feeding rate in Gammarus pulex exposed to 

pirimiphos methyl was 13.27-times more sensitive than ChE activity. Kristoff et al. 

(2006) observed locomotive disorders in Lumbriculus variegatus at NOEC (“no 

observed effect concentration”) levels for ChE inhibition. Moreira-Santos (2005), in 

microcosm study exposing Chironomus xanthus to deltamethrin, observed feeding rate 



 
 
 

CHAPTER 2 

and AChE inhibition were induced at similar concentrations. The relationship between 

ChE inhibition and long term effects depends on the type of chemical and biological 

characteristics of the species including the route of uptake, metabolic rates of the 

enzymes that produce the active forms of the pesticides and in the affinity of the 

chemical for the AChE-active site (Printes and Callaghan 2004). 

There have been few published accounts relating GST activity to other physiological 

and behavioural endpoints. Berra et al. (2006) found no mortality in Hydropsyche 

pellucidula exposed to fenitrothion concentrations that caused a 40% induction of GST. 

McLoughlin (2000) observed a higher degree of sensitivity of GST for G. pulex exposed 

to lindane, permethrin, pirimiphos methyl compared to a lethal response, while Baturo 

and Lagadic (1996) observed the inhibition of GST in Lymnaea palustris by atrazine at 

concentrations that had no effects on growth and reproduction. Bhavan and Geraldine 

(2001) exposing Macrobrachium malcolmsonii to endosulfan recorded a gradient of 

biochemical stress response: phosphatases> LDH> GST> protein denaturation> AChE .  

In summary, relationships between enzymes response and mortality or other 

conventional endpoints can only be established on a case by case basis, thus to interpret 

a biomarkers response in a wider biological context requires previous knowledge of the 

test species in relation to the target chemical.  

2.6. BIOMARKERS RESPONSES TO PESTICIDE MIXTURES 

Environmental risk assessment of pesticides for aquatic ecosystems is mostly based on 

the effects of individual compounds using single-species toxicity tests conducted either 

under controlled laboratory conditions or in the field (Cuppen et al. 2002; Van der 

Hoeven and Gerritsen 1997; Van Leeuwen 1995). Whilst the value of these tests is 

incontestable in establishing safety standards for species protection, their wider 

ecological relevance has been questioned in the last years. In reality, normal agricultural 

practices may involve the application of more than one pesticide in the same location 

which means that mixtures of pesticides may be present in surface waters that border 

agricultural fields (Backhaus et al. 2000; Choi et al. 2002; Cuppen et al. 2002; Faust et 

al. 2001; Van den Brink et al. 2002). Over the last few years a greater awareness has 

been given to pesticide mixtures in ecotoxicological research and various studies have 

been performed to assess the consequences of combined exposure compared to the 

effects of individual toxicants. Given the impossibility of studying all potential mixtures 

that could occur, researchers have developed models to describe and predict the joint 
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effects of toxicants in general terms. Two main models have been used in mixture 

studies: the model of concentration addition (CA) is based on the assumption that 

chemicals have the same mode of toxic action such that the same effects can be 

produced by replacing one compound totally or in part with another that is equivalent in 

terms of toxicity. Under this scenario each individual component of a multiple mixture 

is assumed to contribute to the observed overall effect by acting in proportion to its 

concentration, without consideration of any threshold effects (Backhaus et al. 2000; 

Faust et al. 2001; Faust et al. 2003). An alternative model, response addition (RA), was 

developed from the perspective that compounds may exhibit different modes of toxic 

action, with different toxicokinetics that behave independently of one another and have 

different sites of action that act on different sub-systems in the organism. These additive 

models are useful when the effect of the combined chemicals can be estimated directly 

from the sum of the concentrations of the constituent toxicants or from the sum of the 

observed biological responses. However, sometimes measured toxicity does not match 

predicted toxicity because of antagonistic or synergistic chemical interactions influence 

the toxicocynetics of the constituent compounds (Lydy et al. 2004). 

Toxicity studies involving pesticide mixtures have generated a variety of information in 

which the complexity of the interaction is dependent on differences in pesticide type, 

mode of action and chemical properties. The toxicity of pesticide-contaminated waters 

depends on the amounts and types of the individual pesticides that are present; however, 

given the potential for antagonistic or synergistic behavior, the assessment of pesticide 

mixture toxicity is a complex task. The bulk of studies involving pesticide mixtures 

have evaluated effects at the individual (survival, reproduction) and community level 

(community structure and function), studies documenting the effects of pesticide 

mixtures at the enzymatic level are scarce.  

2.6.1. MIXTURES OF OPS 

Mixtures of OPs might be expected have an additive effect since they all inhibit AChE, 

working jointly at the same receptor site. Additivity has been observed in C. tentans 

exposed to binary mixtures of the OPs chlorpyrifos, methidation, diazinon and azinphos 

methyl (Lydy and Austin 2004) and for  Ceriodaphnia dubia exposed to the OPs 

chlorpyrifos and diazinon (Bailey et al. 1997), however, no enzymes measurements 

were performed in these studies. In contrast, Woods et al. (2002) observed synergistic 

effects between chlorpyrifos and profenofos tested on Ceriodaphnia dubia, attributed to 
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an increase in the rate of enzymatic activation of one compound by the other or an 

inhibition of the enzymes that control detoxification. 

2.6.2. OP AND CARBAMATES + PYRETHROIDS 

Pyrethroids and OP mixtures are likely to occur in surface water and sediments. 

Although they have different modes of action they are both neurotoxic and result in 

hypersensitivity of nervous system. Mixture toxicity has been difficult to predict. OPs 

have been reported to modify the toxicity of pyrethroids insecticides and it has been 

suggested that the co-occurrence of these two types of pesticides can result in an 

increased risk to aquatic animals (Belden and Lydy 2006). Studying the inhibition of 

AChE by the OP dichlorvos alone and by the binary mixtures of dichlorvos and 

deltamethrin in the snail Lymnaea acuminate Tripathi and Agarwal (1998) revealed that 

deltamethrin acted synergistically with dichlorvos when given together in a ratio of 

1:46. With respect to carbamates, (Corbel et al. 2003a) found synergistic behavior 

between permethrin and propoxur in Culex quinquefasciatus. The presence of 

substances like OPs and carbamates can block the esterases enzymes that otherwise 

degrade pyrethroids (Mueller-Beilschmidt 1990) making their mixture useful for 

preventing or delaying the appearance of resistance to pesticides in the field (Corbel et 

al. 2003a).  

2.6.3. OP +TRIAZINES 

Research on the impacts of herbicide-insecticide mixtures on aquatic organisms has 

yielded mixed results. From the triazine class, atrazine is one of the most used 

herbicides. It is used to control a variety of annual broadleaf and grassy weeds and is 

extensively applied to corn and various silage crops. Its mode of action is based on the 

inhibition of photosystem I, resulting in the repression of the electron transport 

mechanisms required for photosysnthesis (Anderson and Lydy 2002). Several studies 

employing Chironomus tentans have demonstrated synergism between triazine 

insecticides and various OPs: binary combinations of atrazine and the OP trichlorfon, 

malathion, chlorpyrifos, methyl-parathion and mevinophos resulted in synergism for all 

except mevinophos (PapeLindstrom and Lydy 1997); combinations between atrazine 

and the OPs chlorpyrifos, methyl parathion, diazinon and malathion resulted in 

synergism for all except malathion (Belden and Lydy 2000); combinations between 

several triazine herbicides (atrazine, simazine, cyanazine and hexazinone) and the OPs 
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chlorpyrifos and diazinon all resulted on synergism (Schuler et al. 2005); binary 

combinations of each of the OP’s chlorpyrifos, methidathion, diazinon and azinphos 

methyl with atrazine resulted in synergism for the first three OPs while combination 

with simazine resulted in synergism for the former two  (Lydy and Austin 2004).  

Two hypotheses have been suggested for the interactive mechanisms of these pesticides: 

(i) atrazine may increase the penetration of the insecticide through the midge cuticle or 

increase the cellular permeability of the OP; (ii) atrazine may increase 

biotransformation of the OP by inducing cytochrome P450 and general esterases. 

Cytochrome P450 is the terminal electron acceptor of monooxygenase (MO) systems, 

having an important role in organic xenobiotic detoxification. Induction of cytochrome 

P450 may increase or decrease the toxicity of a chemical depending on whether the 

subsequent metabolite is more or less toxic than the parent compound (PapeLindstrom 

and Lydy 1997). Several studies of the same genera involving biomarkers 

measurements have facilitated a better understand of these mechanisms. The study of 

Anderson and Lydy (2002) examined the joint toxicity of atrazine and three OP 

insecticides (chlorpyrifos, methyl parathion, and diazinon) exposed to Hyalella azteca 

and found that 200 μg/L atrazine (which alone did not inhibit AChE) in combination 

with LC1 of each OPs, increasing AChE inhibition to 61, 49 and 43% for chlorpyrifos, 

methyl parathion and diazinon respectively compared to 41, 12 and 27% for the 

respective OP dosed individually. Similarly, Jin-Clark et al. (2001) studied the joint 

toxicity of the herbicides atrazine and cyanazine with the OP chlorpyrifos on the midge 

Chironomus tentans observing a synergistic effect of the herbicides on the toxicity of 

chlorpyrifos that was associated with an increase of inhibition of AChE. Cyanazyne 

(1000μg/L), atrazine (1000μg/L) and chlorpyrifos (0.25μg/L) alone caused an inhibition 

of 25.7, 27.7 and 32%, whilst the addition of cyanazine increased inhibition to 66.8% 

and the addition of atrazine increased inhibition to 85.6%. Similarly, Anderson and Zhu 

(2004) observed increased toxicity (and increased AChE inhibition) in Chironomus 

tentans for dimethoate, disulfoton, and demeton-S-methyl in binary combination with 

atrazine. Atrazine in combination with LC25 of each OPs increasing AChE inhibition 

from 29.2, 39.2 and 26.6% for a discrete dose of dimethoate, disulfoton and demeton-S-

methyl respectively to 58.8, 47.5 and 58.1 for the respective dose mixtures whilst an 

inhibition of 40.5% caused by Omethoate was not affected with increasing 

concentrations of atrazine. Finally, (Belden and Lydy 2001) found that atrazine (200 

μg/L) increased AChE inhibition in Chironomus tentans in binary combination with 
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chlorpyrifos compared to that caused by OP alone. The same trend was also observed 

for malathion and methyl parathion although the data were not statistically significant 

(Belden and Lydy 2001). 

Several works have supported the idea of increased biotransformation of the OPs caused 

by the induction of cytochrome P450 by atrazine. Studies with Chironomus tentans 

have demonstrated an increase in cytochrome P450 monoxygenases or P450-dependent 

enzymes on midges exposed to atrazine: Anderson and Zhu (2004) found an increase on 

cytochrome P450-dependent O-deethylation activity; Miota et al. (2000) found an 

increase of P450-dependent aldrine epoxidase activity; Londono (2004) found an 

increase on O-demethylase activity. Enhanced cytochrome P450 enzymes activity may 

increase the toxicity of OPs by enhancing their oxidative activation into the oxon-

analogs metabolites which have higher anticholinesterase properties. In contrast atrazine 

had no effect or reduced the toxicity of other OPs by enhancing the oxidative metabolic 

detoxification in the compounds that do not require oxidative activation. It is therefore 

likely that the toxicity of a pesticide mixture is determined by a more complex 

combination of factors than are captured by the simple “concentration addition” or 

“response addition” models typically used to predicting the potential impact of mixtures 

in aquatic systems. 

2.6.4. PIPERONIL BUTOXIDE  

Piperonil butoxide (PBO) has been used extensively to study pesticide mode of action. 

This compound inhibits several isoenzymes of cytochrome P450. The co-administration 

of PBO with compounds like pyrethroids can increase their toxicity while the toxicity of 

organic xenobiotics that undergo P450-mediated MO reactions to form more effective 

metabolites (e.g. OPs) are reducted (Ankley and Collyard 1995). 

Several studies have demonstrated the interaction between PBO and OP pesticides, 

although few have measured the effects on biomarker activity. Studies with Hyalella 

azteca, Chironomus tentans, Daphnia dubia, Daphnia magna, Daphnia pulex and 

Ceriodaphnia dubia support the thesis that PBO reduces the toxicity of OP that undergo 

metabolic activation by cytochrome P450 (diazinon, chlorpyrifos, azinphos methyl, 

parathion, methyl parathion, and malathion) and does not affect the toxicity of 

compounds that do not require metabolic activation (dichlorvos, chlorfenvinphos, and 

mevinphos)  (Ankley and Collyard 1995; Ankley et al. 1991; El-Merhibi et al. 2004). 

Tripathi and Agarwal (1998) demonstrated that mixtures of dichlorvos with piperonyl 
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butoxide (PB) acted synergistically when given together in a 1:5 ratio to the toxicity and 

in vivo inhibition of AChE in the snail Lymnaea acuminate. Rider and LeBlanc (2005) 

found that malathion and parathion toxicity is reduced with piperonyl butoxide for 

Daphnia magna. According to published evidence it appears that PBO alone does not 

inhibit AChE and decreases AChE inhibition caused by OPs. PBO inhibits P450 and in 

so doing antagonizes the toxicity of malathion and parathion by decreasing their 

metabolic activation. 

Potentiation of pyrethroids toxicity by PBO has led to its use as a synergist to improve 

the efficacy of pesticides with important consequences for management strategy as it 

permits a reduction in pesticide dose to attain the same killing efficacy (Corbel et al. 

2003b). PBO inhibits monooxygenases and subsequently slows pyrethroid metabolism 

and detoxification (Denton et al. 2003). Although the process of PBO interaction with 

pyrethroids is well established, few works have been done on freshwater invertebrates. 

Only one work was found in which PBO increased the toxicity of a pyrethroid 

(permethrin) to Hyalella azteca (Amweg et al. 2006).  

2.6.5. INTERACTIONS INVOLVING OCS 

Although no experiments were found involving biomarkers measurements in the 

assessment of toxic mixtures including OC, a few studies based on alternative biological 

endpoints have shown that interactions exist also for this group of pesticides. 

PapeLindstrom and Lydy (1997) found the effect of atrazine and methoxychlor on 

Chironomus tentans was less than additive. Woods et al. (2002) found a synergistic 

effects between the OP chlorpyrifos and the OC endosulfan  for Ceriodaphnia dubia 

that may have been due to induction of the cytochrome P450 responsible for the 

activation of the OP. On the other hand, profenofos and endosulfan have demonstrated 

antagonistic interactions. The authors suggested that this might have been because the 

two toxics counter balanced one another by eliciting opposite effects (functional 

antagonism), the existence of a chemical reaction between the two toxics to produce a 

less toxic product (chemical antagonism), or alternatively because the absorption, 

biotransformation, distribution or excretion of a chemical was changed so that the 

concentration or duration of the chemical at the target site was reduced (dispositional 

antagonism). 
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2.7. PESTICIDE RESISTANCE   

The development of pesticide resistance is a worldwide problem with implications at 

several levels. Hemingway et al. (2004) reviewed the molecular basis of resistance 

mechanisms and defined two types of mechanisms leading to resistance acquisition: 

metabolic mechanisms (alteration of the level or activity of detoxification proteins) and 

target site (mutation in the sodium channel, AChE and GABA receptor genes). 

Metabolic mechanisms include: a) the over production of non-specific carboxylesterases 

as a response to OP and carbamate insecticide (these enzymes sequester the oxon 

analogues and thus protect the acetylcholinesterase target site); b) the elevation of 

cytochrome P450-dependent monooxygenases (enzymes involved in the metabolism of 

numerous compounds resulting in their detoxification (N.B. the activation of OP 

insecticides from the phosphorothionate form to the more toxic oxon form is an 

exception); c) increased activity of Glutathione S-transferases (which detoxifies both 

endogenous and xenobiotic compounds either directly or by catalysing the secondary 

metabolism of several compounds oxidised by the cytochrome P450 family). Target site 

resistance mechanisms include: a) insensitive acetylcholinesterase (an altered 

Acetylcholinesterase that has been observed in several Culex and Anophelles genus and 

is the most common OP/carbamate resistance mechanism); b) GABA receptor mutation 

(the type A receptor of the neurotransmitter GABA is the target site of insecticides such 

as dieldrin which elicits rapid gating of an ion channel. Mutation confers both 

insensitivity to the insecticide and a decreased rate of desensitisation); c) Mutations in 

the voltage-gated sodium channel (pyrethroids target the voltage-gated sodium channel 

inducing their opening at the resting potential which ultimately leads to paralysis and 

death. The molecular mechanism of pyrethroid resistance is due to a functional change 

in the sodium channel). 

Several examples involving pesticide resistance in freshwater invertebrates have been 

documented. Barata et al. (2001) studied resistance mechanisms to ethyl parathion in 

Daphnia magna and found a 10-fold increase on resistance towards the sensitive clone; 

the inhibition response of 2 clones to in vitro exposure to paraoxon (the oxon-metabolite 

of methyl parathion) showed no difference. In contrast, the inhibition response to in 

vivo exposure to ethyl parathion was different, indicating genetic differences in the rate 

of metabolism of ethyl parathion (bioactivation into the oxon form) rather than 

differences in AChE sensitivities of the two clones. Several studies have attempted to 

study resistance mechanisms in mosquitoes, especially in the genus Aedes, Culex and 
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Anophelles since these species represent the transmission vectors of several diseases and 

have an importance socio-economic significance. Nevertheless, most of the studies have 

been conducted on adults and not on the aquatic larvae (e.g. resistance of Anopheles 

gambie to pyrethroids (Chandre et al. 1999); resistance of Anopheles funestus to 

pyrethroids (Casimiro et al. 2006), resistance of Anopheles culicifaceaes and A. 

Subpictus  to malathion (Kelly-Hope et al. 2005), resistance of Anopheles gambiae to 

carbamate (N'Guessan et al. 2003) and  resistance of  Aedes aegypti to permethrin 

(Flores et al. 2005)). Nonetheless, numerous studies have been conducted on larvae: 

resistance to pyrethroids was demonstrated in Aedes aegypti larvae (Rodriguez et al. 

2005) after 12 generations induction by deltamethrin selection (exposed to deltamethrin 

for 12 generations);  DDT resistance has also been explained by a combination of 

increased metabolism (increased GST activity), reduced target site sensitivity and 

reduced internal content of DDT due to reduced penetration and/or increased excretion 

(Grant and Matsumura 1989). In the genus Culex, two works by the same author have 

shown pyrethroid resistance associated with P450-dependent oxidades and target site 

insensitivity in Culex quinquefasciatus (Chandre et al. 1998) and resistance to OP and 

carbamate due to insensitive acetylcholinesterase in Culex pipiens quinquefasciatus 

(Chandre et al. 1997); research by Liu et al. (2005) is concordant with this previous 

research. Boyer et al. (2006) pointed out that  an increase of GST activity had already 

been related to resistance in several classes of pesticides. GST catalyses the 

dehydrochlorination of DDT (OC pesticide); the conjugation of OPs with glutathione 

results in detoxification through 2 distinct pathways: O-dealkylation where glutathione 

is conjugated with the alkyl portion of the insecticide and O-dearylation and the 

glutathione reacts with the leaving group. GST have not yet been studied with respect to 

the detoxification of pyrethroids but might confer resistance to this class of insecticides 

by detoxifying lipid peroxidation products induced by pyrethroids (Enayati et al. 2005). 

Insensitive acetylcholinesterase seems to be the main mechanism of resistance to OPs 

and carbamates. 

Prevention or the delayed appearance of resistance in the field can be assisted using a 

strategy of rotation, sequentially employing insecticides with different modes of action 

or using insecticide mixtures. Mixtures are more efficient (with low probability of insect 

pests being resistant to both) but tend not to be cost-effective, unless there is a 

synergistic effect between chemicals, e.g. in the pyrethroid resistant strain of Culex 

quinquefasciatus, pyrethroid toxicity can be increased adding a sub-lethal dose of 
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carbamate (Corbel et al. 2003b), similarly the resistance in  Anophelles stephensi to 

deltamethrin acquired after selection with the same chemical over 40 generations is 

reduced by 6-21% after exposure to deltamethrin-piperonil butoxide in addition to 

deltamethrin alone (Kumar et al. 2004). 

2.8. FIELD MONITORING AND IN SITU TESTING 

In spite of the number of works studying biomarkers as potential endpoints to assess in 

situ contamination by pesticides, few papers have been published dealing with the use 

of biomarkers in the field. Fleming et al. (1995) reported the Swift Creek die-off in 

North Carolina, 1990, of the freshwater mussel Elliptio complanata where a depression 

on ChE activity was observed. The die-off occurred in a stream reach dominated by 

forestry and agriculture and was caused by an anticholinesterase compound, thought to 

be an OP or carbamate pesticide. Escartin and Porte (1996) observed a 55% increase in 

the inhibition of AChE, in the crayfish Procambarus clarkii, following the application 

of fenitrothion on Ebro Delta irrigation channels, using caged chironomids for an in situ 

exposures while Olsen et al. (2001) investigated  natural variation in 13 uncontaminated 

river sites across southeast England. High variability was observed on AChE and GST 

activities, demonstrating the importance of correctly interpreting biomarkers responses 

in the field in the context of laboratory data. They also pointed out the importance of 

having more than one reference site so that statistically significant differences have in 

fact biological significance. In the context of pesticide contamination assessment, 

Robillard et al. (2003) exposed the freshwater mussel Anodonta cygnea in reference and 

contaminated sites (in an agricultural zone, contamination with triazine residues) in the 

Sarthe region of  France. They reported a difference in AChE activity between 

contaminated and reference sites with GST decreasing in association with increases in 

pesticide concentration, however, differences were also associated with changes in pH 

and temperature. Wepener et al. (2005) exposed the freshwater mollusc Melanoides 

tuberculata to reference and contaminated sites (exploiting effluents from industries, 

agriculture, unregulated urban settlements and municipal sewage treatment plants) at the 

Rietvlei Nature Reserve, South Africa reporting no differences in AChE activity 

between the study sites. Crane et al. (1995b) reported that the use of malathion on 

watercress beds (Alresford, UK) led to an inhibition of AChE of approximately 75% 

and was associated with significant levels of mortality in Gammarus pulex. Based on 

these studies two aspects are apparent: (i) natural variation in abiotic factors generates 
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confounding effects that create difficulties in the interpretation of AChE responses; (ii) 

when a clear response of AChE has been obtained it is often associated with a high level 

of mortality which clearly limits its potential utility as an early warning signal. Crane et 

al. (1995a) used a battery of tests including Gammarus pulex mortality and feeding rate; 

Anodonta cygnaea mortality and GST activity; and Chironomus riparius emergence 

from sediment to assess contamination in Curtisden Green Stream at several stations 

including one where the stream flowed through mixed deciduous woodland and 

farmland planted with cereal crops. GST bioassay demonstrated no clear results, 

suggesting that further refinement is necessary before the technique can be used 

routinely.   

A battery of biological tests incorporating different trophic levels and endpoints has 

been recommended as the most effective method for minimizing uncertainties 

surrounding environmental toxicity and exposure (Munawar et al. 1989). Several 

authors have suggested a multi-biomarker approach whereby the response of several 

biomarkers are analysed in order to discriminate between the effects at reference and 

contaminated sites. For example Vidal et al. (2001) used a set of biomarkers (including 

PChE and GST) which were subjected to a discriminant analysis to differentiate 

between reference and contaminated sites (exposed to factory wastes) although no 

qualitative identification of pollutants was possible. Beliaeff and Burgeot (2002) used 

integrated biomarkers response computed as a star plot area graph to discriminate 

between sites in the Baltic Sea and Seine Estuary utilizing mussels and fish. These 

authors have suggested that the utilization of an appropriate battery of biomarkers can 

prevent the occurrence of false negatives (showing no risk when there is a risk) that can 

occur with a single biomarker and can provide useful information about global adverse 

environmental effects. 

2.9. CONSTRAINTS TO THE USE OF BIOMARKERS, FUTURE PERSPECTIVES 

The use of biomarkers to assess the impact of chemicals is intended to evaluate the 

biological effects of pollutant exposure without the direct measurement of 

contaminants, which are often present in low concentrations. This is primarily achieved 

by the measurement of biochemical parameters at the individual level to determine 

whether the health of individuals exposed to pollutants is (or is likely to be) impaired. In 

this respect biomarkers act as a diagnostic tool. It is, however, important to establish a 

link between the response of a biomarker, at the individual levels, and the potential 



 
 
 

CHAPTER 2 

effects on populations, communities and ecosystems which are the target of ecological 

protection. If such a link is possible to establish, biomarkers are considered to be a 

useful predictive tool (Forbes et al. 2006; Lagadic 1999). However, extrapolation from 

biochemical changes in the individual to a population-level response is often difficult 

because of natural heterogeneity of populations and the various compensatory 

mechanisms that regulate population dynamics.  

Forbes et al. (2006) questioned several aspects of biomarker use, pointing out important 

requisites that should be fulfilled for their meaningful interpretation. These authors 

questioned the usefulness of biomarkers in the prediction of ecologically important 

effects and outlined several reasons that prevent this achievement: (i) the lack of 

integrated mechanistic models with the power to test specific hypothesis; (ii) 

biomarkers do not always conform to a predictable behaviour, leading to difficulties in 

interpretation; (iii) it may be difficult to determine whether a biomarker response is 

merely part of a homeostatic mechanism, or if it is indeed, indicative of impaired 

fitness; (iv)  mixtures of chemicals can produce biomarker responses that are different 

from single-chemical exposures and confound a simple interpretation. Furthermore, it 

was considered that biomarkers are not cost-effective and need much additional 

information in order to interpret them correctly and establish an individual-to-

population linkage. 

Despite the constraints and criticisms associated with the biomarkers, their usefulness 

has been well established, not only as explanatory tools for causes of lethal and 

sublethal effects under field conditions but also in monitoring the combined adverse 

effects of long-term exposures to mixtures of chemicals. When assessing biomarkers in 

invertebrate organisms attention must be given towards the choice of the test species 

(not all invertebrates are suitable for biomarkers analysis, with appropriate selection 

depending on life cycle characteristics and their relevance to the wider ecosystem), the 

physiological significance of variation in biochemical response parameters (models 

have to be developed relating toxic exposure and physiological effects, integrating 

factors that can affect the biomarker response such as seasonal variation) and the 

existence of a reliable source of reference organisms (in the event of pollution non-

laboratory, reference organisms must be available for comparative evaluation). 

Moreover, an association of biomarkers indicative of different levels of biological 

response may provide more accurate information on the pollutant at individual level and 

on its repercussions at population/community level (Lagadic et al. 1994). 
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Numerous authors have raised other issues that should be considered when employing 

biomarkers. The need for extended knowledge on the toxicity of mixtures, sublethal 

effects and the consequences of fitness impairment on the test species (Scholz and 

Hopkins 2006) are considered to be essential. However, it should also be remembered 

that when performing a biomarker assay in a contaminated site the populations present 

are those which have survived an exposure to pollutants and may not, therefore, exhibit 

the same characteristics as the laboratory reference species due to physiological 

adaptation and the potential selection for tolerant genotypes (Lagadic 1999). In this way 

the spatial and temporal “history” of contamination is also important to interpret the 

overall effect (how long has been since the aquatic environment contaminated? Was it a 

diffuse or point source contamination? Were organisms subject to pulse or continuous 

exposure?).  

Forbes et al. (2006) states that most of the time, aquatic environments are exposed to 

complex mixtures of chemicals and that a biomarker specific to a chemical or group of 

chemicals should respond similarly in the presence or absence of other chemicals in the 

mixture. For instance AChE, known as a specific OP and carbamate pesticide 

biomarker, responds in a similar manner to pollution by metals and detergents (Frasco et 

al. 2005; Guilhermino et al. 1998) indicating the potential for the wider application of 

this biomarker. GST is known to be a general biomarker of organic chemical exposure, 

however, the responsiveness of this enzyme in invertebrates is not fully understood and 

further research is needed before a reliable interpretation of a GST response can be 

applied in freshwater invertebrates (Hyne and Maher 2003). 
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Abstract 

This study was conducted to investigate the potential use of biomarkers in bioassays 

with chironomids to assess contamination by pesticides in temperate and tropical 

climates. Two species of midge were studied, the widespread Chironomus riparius and 

the tropical Kiefferulus calligaster (Kieffer, 1911). Preliminary studies included 

investigations of the effects of temperature on larval development and the influence of 

larval age on normal variability of cholinesterase (ChE) and glutathione S-transferase 

(GST) activities and protein content. In the second phase, the influence of two abiotic 

factors particularly important in tropical conditions (temperature and oxygen 

concentration) and of the organophosphorous (OP) insecticide dimethoate on 

biochemical and conventional endpoints was investigated. Results showed that K. 

calligaster is morphologically and physiologically similar to C. riparius and for both, 

the time of larval development decreases with the increase of temperature. Moreover, 
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3rd and 4th instars appeared to be the most suitable for biomarkers determinations. ChE 

activity seems to be valuable biomarker regarding temperature and dissolved oxygen 

(DO) variations, while some caution should be taken when using GST as an 

environmental biomarker, since it shows some dependence of these parameters. C. 

riparius was more sensitive to dimethoate than K. calligaster suggesting that the use of 

bioassays with the former species in tropical conditions may overestimate the toxicity of 

OP pesticides to autochthonous species. When testing sub-lethal effects of dimethoate to 

C. riparius, ChE activity showed to be a very sensitive parameter detecting significant 

effects at the lowest concentration that caused emergence delay of larvae, suggesting 

that it is an ecologically relevant parameter. 

 

Keywords: toxicant-induced alterations, Cholinesterase, Glutathione S-transferase, 

dimethoate, tropical and temperate chironomid species 

 

3.1.  INTRODUCTION  

 

As in many other Asian countries, Thailand has seen in recent years the use of 

pesticides (particularly organophosphates (OP)) increasing significantly mainly due to a 

progressive shift from traditional subsistence farming towards market-oriented 

intensive-crop farming (Satapornvanit et al. 2004). For an accurate risk assessment 

study on the impact of pesticides on the aquatic environments that surround farms, 

information about effects of these chemicals on local species is badly needed. Countries 

located in the tropical zone rely, mostly, on data from temperate countries about the 

distribution, fate and mobility of pesticides and the factors affecting their entry into the 

environment. This may not be comparable, mainly due to differences in temperature, 

rainfall, and agricultural practices that might greatly influence pesticide behaviour 

(Abdullah et al. 1997). Moreover, available ecotoxicity data refers mainly to temperate 

species. Considering the climate adaptations of tropical species, the assessment of the 

effects of pesticide use on local ecosystems should be performed with autochthonous 

species since their sensitivity to toxicants may differ considerably from that of 

laboratory standardised organisms. These questions have been addressed in the 

international project MAMAS (Managing Agrochemicals in Multi-use Aquatic 

Systems), in which a battery of in situ tests with local organisms was developed to 
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assess pesticide contamination in canals surrounding agricultural areas in central 

Thailand (Satapornvanit et al. 2004; Van den Brink et al. 2003).  

Chironomids are an ecologically diverse family of Dipterans and probably the most 

ubiquitous of all aquatic insects. This is due to their physiological tolerance to 

environmental stress, such as modifications of salinity or temperature and reduced 

levels of dissolved oxygen (Anderson 1977). Their increasing use in toxicity testing is 

mainly due to this wide distribution and ecological importance, their short life-cycle, 

their ability to be reared in the laboratory, and the ease of identification of different 

stages (Anderson 1977). In addition, they can be used for the evaluation of both water 

and sediment toxicity (Ibrahim et al. 1998). Among chironomids, the species 

Chironomus riparius (Meigen) is a widely used organism in ecotoxicology; Kiefferulus 

calligaster is a tropical chironomid, with a distribution from tropical Australia to India 

and south Japan (Cranston and Dimitriadis 2004), being an autochthonous species in 

Thailand. 

Biochemical biomarkers are being increasingly used by several researchers who aim to 

have early warning signals in both toxicity tests and field studies. In fact, these 

parameters may identify effects at subcellular level before they are apparent at higher 

levels of biological organization (McCarthy and Shugart 1990). Cholinesterases (ChE) 

has a key role in the maintenance of normal nerve function and is inhibited by 

neurotoxic compounds like organophosphate and carbamate esters (some of them 

commonly used as insecticides) that bind to the enzyme causing its inhibition and 

leading to the accumulation of acetylcholine in the synapse, resulting in the disruption 

of the normal nervous system function (Olsen et al. 2001). Inhibition of ChE activity 

was chosen as a biochemical endpoint because it has been widely used as an 

environmental biomarker including in studies with chironomids (Belden and Lydy 

2000; Belden and Lydy 2001; Crane et al. 2002; Ibrahim et al. 1998; Jin-Clark et al. 

2001; Kheir et al. 2001; Sturm and Hansen 1999). Glutathione S-transferases (GST) are 

a family of enzymes with an important function in the detoxification of both xenobiotics 

and endogenous substances (Hyne and Maher 2003). GST catalyzes the conjugation of 

reduced glutathione (GSH) in the detoxification of compounds having electrophilic 

centers (nitrocompounds, organophosphates, organochlorines) leading to the formation 

of products less toxic and more soluble in water that that are easily excreted (Olsen et 

al. 2001). GST has been also used as an environmental biomarker in studies with 
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chironomids (Crane et al. 2002; Kheir et al. 2001), thus was also used here as a 

biochemical endpoint. 

Despite their value as early warning signals, biomarkers lack ecological relevance in a 

considerable number of situations. To assess effects induced by chemicals an integration 

of biological, physiological and biochemical parameters has to be performed and a link 

between biomarkers responses and parameters with ecological relevance like larval 

growth and time to emergence has to be established. Development of laboratory or in 

situ bioassays must be based in an understanding of the test animal’s life cycle, 

requiring biological information on larval development and factors affecting it. In 

addition, if biomarkers are to be used as endpoints it is critical to use well-defined 

biological material, where the variation on biochemical activity with development, age 

and tissue in an organism is known (Hyne and Maher 2003). Chironomids have been 

used as test organisms for in situ bioassays (Castro et al. 2003; Chappie and Burton 

1997; Crane et al. 1995a; Crane et al. 2002; Den Besten et al. 2003; Peck et al. 2002; 

Sibley et al. 1999; Soares et al. 2005b; Tucker and Burton 1999), including in bioassays 

using biomarkers as endpoints (Moreira-Santos et al. 2005). However, to the best of our 

knowledge in situ bioassays with K. calligaster were never reported. 

Aiming at a further use of chironomids in tropical in situ bioassays, the main objectives 

of the present study were (1) to acquire background information on test species (C. 

riparius and K. calligaster) including biological characterization of life cycle, 

identification of biomarkers (GST and ChE) normal levels and factors affecting them 

and (2) to investigate the potential of GST and ChE activities as possible biomarkers of 

pesticide contamination comparing their sensitivity with other development endpoints in 

the assessment of the OP dimethoate toxicity for C. riparius. The work was divided in 

five phases, as follows. In the first phase, the effects of temperature on larval 

development and growth rate were investigated. In the second phase, the influence of 

larval age on normal variability of ChE and GST activities and protein content was 

determined to choose the most suitable instar to be used in toxicity tests. In the third 

phase, the influence of two abiotic factors, particularly important in tropical conditions 

(temperature, oxygen concentration) on enzymatic activities of 4th instar larvae was 

investigated.  In the fourth phase of the work, the sensitivity of both species to the OP 

insecticide dimethoate was compared, using ChE and GST activities and mortality as 

effect criteria. Finally, the 96 h effects of dimethoate on midge growth, ChE and GST 
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activities and emergence time was investigated using the most sensitive species (C. 

riparius) as test organism.  

 

3.2.  MATERIALS AND METHODS 

3.2.1. SPECIES PROVENIENCE AND CULTURE CONDITIONS 

K. calligaster was collected in an agricultural area of central Thailand (Nakhon Pathom 

province, Nakhon Chaisi district, June 2002) in the course of MAMAS project work, to 

be reared in laboratory and used for in in situ assays. A culture was established in at the 

Department of Biology, University of Aveiro. Unlike C. riparius, K. calligaster midges 

have a strong dimorphism (dark thorax in female, greenish in males). Larvae of both 

species are similar in their morphology. C. riparius culture has been established in our 

lab since 2000 and cultures have been maintained according to standard procedures 

(EPA 2000).  C. riparius was reared at 20 ± 1ºC and Kiefferulus calligaster was reared at 

25 ± 1ºC, both with a photoperiod of 16:8h light: dark. Cultures were fed every other 

day with a suspension of Tetramin®, Tetra GmbH D-49304, totalizing 0.5 mg of 

Tetramin per day per larva (Péry et al. 2002). ASTM hard water (ASTM 1980)  was 

used as culture medium and plastic culture vessels (base dimensions 20x10 cm) with a 

thin (1cm) layer of sediment (holding approximately 80 larvae) were used. Natural 

sediment collected from an uncontaminated Portuguese river (Rio Eça, Coimbra) was 

used after being sieved through 1mm sieve and washed. Gentle aeration was provided. 

 

3.2.2. CHARACTERIZATION OF LARVAL STAGES AT DIFFERENT 

TEMPERATURES 

This assay was performed to determine how temperature influences the larval 

development of chironomids. Just-hatched larvae were reared in optimal conditions (see 

section 2.1) and a sample with a minimum of 20 larvae was taken every day until 

emergence. Larvae were gently removed from the culture with the help of a Pasteur 

pipette and minimising sediment disturbance. Samples were preserved in ethanol (70%). 

Body length and head capsule width were measured with the help of a Leica GZ4 

magnifying glass equipped with a calibrated eye-piece micrometer. Body length was 

taken from the front of the head to the end of the ninth abdominal segment. Head 
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capsule measurement was the maximum head width. This procedure was performed for 

both species at 20, 25 and 30ºC, with the exception of K. calligaster at 20ºC, as the 1st 

instar larvae did not survive at this temperature. Chosen temperatures include the ideal 

rearing temperature for C. riparius (20ºC), the ideal rearing temperature for K. 

calligaster (30ºC) and an intermediate one (25ºC). 

 

3.2.3. BIOMARKERS LEVELS AND PROTEIN CONTENT IN DIFFERENT LARVAL 

STAGES 

Assays were performed to understand how ChE and GST activities varied with larvae 

age. Just-hatched larvae were reared in optimal conditions (see section 2.1), and were 

sampled every two days until the first adult emergence. Organisms were gently removed 

from the sediment using a Pasteur pipette and preserved in buffer solution depending on 

the enzyme for further analysis. Entire chironomids were frozen in 1.5 ml eppendorfs 

with phosphate buffer (0.1 M) at pH = 7.2 for ChE activity determination and at pH = 

6.5 for GST activity analysis. Samples were frozen at -20ºC for ChE determinations and 

at -80ºC for GST determinations, for a maximum of two weeks. Due to their size, 1st 

instar larvae could not be analyzed. In the 2nd and 3rd instars one single organism was 

not enough to perform enzymatic measurements therefore an average of three larvae 

were pooled together in each sample. On the day of the enzymatic analysis, samples 

were defrosted on ice, homogenized with an Ystral GmbH D-7801 tissue homogenizer. 

Enzymatic determinations were performed in the supernatants obtained by 

centrifugation of the homogenates in a High Speed Brushless Centrifuge (MPW med 

instruments, MPW-350R) (3 min at 4ºC and at 3348 g for ChE; 30 min at 4ºC and at 

8931 g for GST’s).  

Total ChE activity was performed at 414 nm according to the Ellman’s method (Ellman 

et al. 1961), adapted to microplate (Guilhermino et al. 1996b), using 0.05 ml of 

homogenate and 0.250 ml of the reaction solution (1 ml of 5.5’-dithiobis-2-nitrobenzoic 

acid (DTNB) 10 mM solution with sodium hydrogen carbonate, 0.2 ml of 0.075 M 

acetylcholine solution and 30 ml of 0.1 M phosphate buffer). GST activity was 

determined at 340 nm by the method of Habig et al. (1974), adapted to microplate  

(Booth et al. 2000), using 0.1 ml of homogenate and 0.200 ml of the reaction mixture 

(Reduced glutathione (GSH) at 10 mM and 1-chloro-2.4-dinitrobenzene (CDNB) at 60 

mM).  

 80



 
 

ASSESSING CONTAMINATION IN TEMPERATE AND TROPICAL CLIMATES: POTENTIAL USE 
OF BIOMARKERS BIOASSAYS WITH TWO CHIRONOMIDS SPECIES 

 

 81

Enzymatic activities were determined in quadruplicate and expressed as nanomol of 

substrate hydrolyzed per minute per mg of protein. Protein concentration in the samples 

was determined in quadruplicate by the Bradford method (Bradford 1976), at 595 nm, 

using γ-globulin as standard. A Labsystem Multiskan EX microplate reader was used 

for all biochemical determinations. 

 

3.2.4. INFLUENCE OF DISSOLVED OXYGEN AND TEMPERATURE ON 

BIOMARKERS OF FOURTH INSTAR LARVAE 

To understand the influence of dissolved oxygen (DO) on ChE and GST activities, 4th 

instar larvae of both species were exposed for 3 days to 3 different levels of aeration: no 

aeration, medium and high aeration (mean oxygen concentration in the water 1.8 ± 0.35; 

3.7 ± 0.21 and 7.9 ± 0.09 mgL-1 ± SE, respectively). An electrically powered air pump 

(Hiblow air pump; HP-50) was used to achieve desired DO concentrations. 500 ml 

crystallizing dishes with 400 ml of ASTM hard water and a thin layer of sand were 

used. Food was added on days 0 and 2 (suspension of Tetramin® in the dose of 1 mg of 

Tetramin per larva (Péry et al. 2002). Room temperature was 20 ± 1ºC and photoperiod 

16:8h light: dark. At the end of the test, mortality was recorded and animals were 

preserved in phosphate-buffer for biomarker analysis. DO concentration was monitored 

at the beginning and at the end of the test using a WTW OXI330/SET oximeter (WTW, 

Weilheim, Germany).  

To understand the potential influence of temperature on biomarkers activities, a 24h 

bioassay was performed with organisms of both species at 3 different room 

temperatures: 6, 16 and 26ºC, using a  16:8h light: dark cycle. Different ranges of 

temperatures were used to assess effects on biomarkers and on larval development 

because works found in literature (e.g. Callagahan, 2002) indicated that a wider range of 

temperature is needed to discriminate effects at enzymatic levels. The experimental 

procedure was similar to the aeration assay but no food was added. Temperature was 

measured using a WTW COND 330i/SET (WTW, Weilheim, Germany).  
 

3.2.5. COMPARATIVE STUDY OF SENSITIVITY TO DIMETHOATE  

To investigate the sensitivity of both species to dimethoate, 4th instar larvae were 

exposed for 48 h to dimethoate (Dimetoato Pestanal - Riedel-de Haen 45449), without 
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sediment, food or aeration. The test was performed in a 20ºC room for C. riparius and 

in a 28ºC room for K. calligaster, photoperiod 16:8h light: dark. Ten organisms were 

placed in each vessel and 5 replicates were used. Endpoints were mortality (recognised 

by the absence of reaction after application of a mechanic stimulus), determined at 24 

and 48h and ChE and GSTs activities (on surviving animals) determined after 48h of 

exposure to the toxicant. Concentrations used in bioassays were selected based on 

preliminary range finding tests, which showed C. riparius to be a more sensitive species 

than K. calligaster. So, concentrations used were 0, 0.32, 0.65, 1.17, 2.34 and 4.52 mgL-

1 for C. riparius and 0, 0.09, 0.24, 0.74, 2.36 and 7.12 mgL-1 for K. calligaster. A stock 

solution was prepared and the several concentrations were attained by dilution. Testing 

solution volume for each replicate was 300 ml.  

 

3.2.6. EFFECTS OF 96H OF EXPOSURE TO DIMETHOATE ON LARVAL 

GROWTH, EMERGENCE TIME AND BIOMARKERS 

Third instar C. riparius larvae were exposed for 96 hours to non-lethal concentrations of 

dimethoate (0, 0.0073, 0.032 and 0.455 mgL-1 in a room with control of temperature and 

photoperiod (20 ± 1ºC, 16:8h light: dark). Natural sediment collected from an 

uncontaminated Portuguese river (Rio Eça, Coimbra) was used after being sieved and 

washed. Gentle aeration (approximately one bubble per second) and food (0.5 mg per 

larvae per day) were provided. Nine replicates were used per concentration. From these, 

3 per concentration were left in the same conditions of the test until the emergence of 

adults. Endpoints were body length increment (initial length of organisms at the 

beginning of the test was calculated), ChE and GSTs activities after 96 hours and time 

to emergence (no discrimination between male and female emergence was done). 

Physico-chemical parameters of testing water were monitored at the beginning and at 

the end of the test. 

 

3.2.7. STATISTICAL ANALYSIS 

Data was analyzed using analysis of variance (ANOVA) when the criteria of normality 

and equality of variances were satisfied (after square root or log transformation as 

appropriate) or using the nonparametric Kruskal Wallis test in the remaining cases. 

Significantly different treatments were identified using the Tukey test after ANOVA  or  
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the Dunn’s test after Kruskal Wallis analysis. SigmaStat for Windows Version 3.10 

(Copyright © 2004 Systat Software, Inc) was used for these analyses. 

Lethal concentrations at 50% (LC50) were calculated with the Probit analysis (Finney 

1971). Effect concentrations of biomarkers at 50% (EC50) were calculated with a 

Microsoft Excel spreadsheet using a linearization (eq. 1) of the Hill decay function (eq. 

2).  

  (eq. 1) 

 

  (eq. 2) 

where 

I  - measured level of biomarker activity 

Io  - maximum value of biomaker activity (i.e. the average level for the 

control) 

EC50 - median effective concentration 

k - Hill slope 

All statistical analyses were performed with a significance level of 0.05. 
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3.3. RESULTS 

3.3.1. CHARACTERIZATION OF LARVAL STAGES AT DIFFERENT 

TEMPERATURES 

The four instars were characterized according to body length, head capsule width, 

growth rate and stage duration at different temperatures (Table 3.1). The minimum 

duration of larval development  was 14 days at 20ºC, 9 days at 25ºC and 8 days at 30ºC 

for C. riparius,  9 days at 25ºC and 8 days at 30ºC  for K. calligaster.  

 

Table 3.1- Body length interval (mm) and mean ± SE head capsule width (mm) for
developmental stages of C. riparius and K. calligaster larvae. 

Temperature 

(ºC) Instar 

Instar 

duration 

(days) 

Body length 

(mm) 

Head capsule width 

(mm) N 

Total 

growth 

rate 

(mm/day) 

    Chironomus riparius   

20 1st 3-4 0.79-1.90 0.1± 0.00 44   

 2nd 3-4 1.59-3.33 0.2 ± 0.01 26  

 3rd 3-4 3.49-6.98 0.34 ± 0.00 57  

  4th 5-6 6.03-14.60 0.57 ± 0.00 96 0.99 

25 1st 2 0.95-1.59 0.1 ± 0.01 22  

 2nd 2 1.9-3.49 0.19 ± 0.01 35  

 3rd 2 3.02-6.67 0.35 ± 0.00 58  

 4th 4-6 5.71-14.76 0.52 ± 0.00 58 1.53 

30 1st 2-3 0.87-1.65 0.10 ± 0.01 21   

 2nd 1-2 1.75-3.20 0.19 ± 0.01 20  

 3rd 2-3 3.33-6.67 0.31 ± 0.00 44  

  4th 4-6 6.53-14.86 0.53 ± 0.00 51 1.75 

   Kiefferulus calligaster   

25 1st 2-3 0.79-2.06 0.10 ± 0.01 36  

 2nd 1-2 2.06-3.17 0.17 ± 0.01 22  

 3rd 2 3.49-5.40 0.31 ± 0.01 23  
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 4th 4-6 5.4-11.11 0.52 ± 0.00 73 1.15 

30 1st 1-2 0.83-1.65 0.07 ± 0.01 54   

 2nd 1-2 1.6-3.05 0.18 ± 0.01 38  

 3rd 3-4 3.33-5.67 0.3 ± 0.00 91  

  4th 3-4 5.53-10.56 0.51 ± 0.01 125 1.22 
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Figure 3.1- Relationship between age (days) and larval length (mm) in the two species of 
chironomids. 
 



 
 
 

CHAPTER 3 

No significant differences on larval development duration between species at the same 

temperature were found. Higher temperatures tested caused a reduction in the duration 

of larval development and an increase in the growth rate in both species. Therefore, at 

the end of 4th instar no significant effect of temperature on maximum larval length of 

either C. riparius (H=4.135, p=0.126) or K. calligaster (F1, 67=0.0269, p=0.870) was 

observed (Figure 3.1). Maximum larval length (at the end of fourth instar) was 

approximately 15 mm for C. riparius and 11 mm for K. calligaster. Body length 

increases in a continuous way during larval development and no defined intervals of 

body length values could be established to distinguish larval stages (Figure 3.1), (there 

is an overlapping of body length values between instars, Table 3.1). Capsule width 

increases in a stepwise mode because growth of head capsule is done mostly at 

determined periods of the development (moult), allowing the establishment of capsule 

width values that define each instar. The highest total growth rate was found at 30ºC for 

both species, being higher for C. riparius than for K. calligaster. 

3.3.2. LEVELS OF BIOMARKERS AND PROTEIN CONTENT IN DIFFERENT 

LARVAL STAGES 

ChE and GST activities determined in 2nd, 3rd and 4th instar larvae of both species are 

shown in Table 3.2 Significant differences in ChE activity between species were found 

(H= 119.317, p<0.001). In C. riparius the highest ChE activity was determined in the 

2nd instar, while in K. calligaster the highest ChE activity was found in 4th instar larvae.   

Significant differences in GST activity between species were found (H=53.713, 

p<0.001). The highest GST activity was found in the 2nd instar for both species. No 

significant differences in protein content between the two species were found 

(H=0.00294, p=0.957). 

 

Table 3.2- Biomarkers and protein content of individual larvae on different instars 
(mean (SE)). Same letter means not significantly different (p<0.05) 

Instar 
ChE activity 

(nmol/min/mg prot) 
N 

GST activity 

(nmol/min/mg prot) 
N Prot (mg/ml) N 

   C. riparius    

2 16.21 (2.09) (a) 5 50.29 (2.65) (a) 18 0.03 (0.11) (a) 5 

3 8.28 (1.10) (b) 18 32.84 (2.65) (b) 43 0.12 (0.06) (a) 18 
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4 11.89 (0.50) (a,b) 88 32.67 (1.71) (b) 18 0.59 (0.03) (b) 88 

   K. calligaster    

2 12.78 (3.73) (a) 10 57.28 (3.90) (a) 10 0.03 (0.06) (a) 10 

3 30.26 (2.95) (b) 16 29.14 (4.66) (a,b) 7 0.15 (0.07) (a) 7 

4 32.26 (1.37) (b) 74 21.35 (1.34) (b) 84 0.54 (0.02) (b) 84 

 

3.3.3. INFLUENCE OF DISSOLVED OXYGEN AND TEMPERATURE ON 

BIOMARKERS OF FOURTH INSTAR LARVAE 

The effects of temperature and DO on ChE and GST activities of both C. riparius and 

K. calligaster are shown in Figure 3.2. Temperature had no influence on ChE activity of 

either of the species (C. riparius: F2, 18=2.260, p=0.133; K. calligaster: F2, 19=2.521, 

p=0.107). In C. riparius significant effects of temperature on GST activity were found 

(F2, 16=7.353, p=0.005), with the highest activity being found at 6ºC. No significant 

effects of temperature on K. calligaster GST activity were found (F2, 20=1.168, 

p=0.331). 

For both species, no significant differences of DO on ChE activity were found (C. 

riparius: F2, 19=0.667, p= 0.525 and K. calligaster: F2, 27=2.259, p= 0.124). GST activity 

significantly increased with the increment of DO in K. calligaster (F2, 24=32.593, 

p<0.001) but not in C. riparius (F2, 19=3.054, p=0.071).  
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Figure 3.2- Influence of temperature (I) and dissolved oxygen concentration (II) on biomarkers 
activities (mean values + SE).  
Different letters above the bars mean significantly different (P<0.05). 

 

3.3.4.  COMPARATIVE STUDY OF SENSITIVITY TO DIMETHOATE 

Physico-chemical parameters of tested medium were monitored at the beginning and at 

the end of the test and average values were as follows: dissolved oxygen 8.58 (±0.35) 

mgL-1, conductivity 503.4 (± 63.8) µS.sec-1, water temperature 19.7 (± 0.26) ºC, pH 7.9 

(± 0.03). Dimethoate LC50 values are presented on Table 3.3. Significant effects on ChE 

activity after 48 h of exposure to dimethoate were found in both species (Figure 3.3) (C. 

riparius: H=47.474, p<0.001; K. calligaster: F5, 24=52.782, p=0.001), with a LOEC 

(lowest observed effect concentration) of 0.65 mgL-1 for C. riparius and 0.24 mgL-1 for 

K. calligaster. EC50 values for ChE inhibition are presented on Table 3.3. 

 No significant effects of dimethoate on GST activity were found (H=6.164, p=0.291) 

for K. calligaster, while effects were observed for C. riparius (H=12.609, p=0.027) due 

to an inhibition of GST activity in the concentration of 1.17 mgL-1. 

 

Table 3.3- LC50 and EC50 values for acute test with dimethoate. Units are in mg/L and 
95% confidence interval between brackets. 

  EC50 48h (ChE inhib.) LC50 24h LC50 48h 

C. riparius 0.063 (0.009-0.260) 0.574 (0.357-0.792) 0.481 (-0.035-0.997) 

K. calligaster 0.393 (0.051-2.102) 4.081 (2.259-5.903) 1.747 (1.421-2.072) 

 

 88



 
 

ASSESSING CONTAMINATION IN TEMPERATE AND TROPICAL CLIMATES: POTENTIAL USE 
OF BIOMARKERS BIOASSAYS WITH TWO CHIRONOMIDS SPECIES 

 

 89

3.3.5. EFFECTS OF 96H OF EXPOSURE TO DIMETHOATE ON LARVAL 

GROWTH, EMERGENCE TIME AND BIOMARKERS ACTIVITY IN C. RIPARIUS  

During the test, mortalities of 5, 13, 7 and 13% were found at concentrations of 

dimethoate equal to 0, 7.3, 31.7 and 455 µgL-1 respectively.  Significant differences in 

body length were found among groups of animals exposed to different concentrations of 

dimethoate (F3, 169=2.729, p=0.046) although the Tukey test was not able to discriminate 

significant different treatments (Figure 3.4 A).  

Significant effects of dimethoate on both ChE (F3, 50=47.024, p<0.001) and GST (F3, 

48=3.813, p=0.016) were found, with LOEC values of 7.3 and 31.7 mgL-1, respectively 

(Figure 3.4 B and C). At the highest concentration tested, 66.6% of ChE inhibition was 

found. Dimethoate caused a significant delay in emergence time compared to control 

(Figure 3.4 D) at all the concentrations tested (F3, 41=12.81, p=0.000) (LOEC=7.3 mgL-

1). 
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Figure 3.3- Influence of 48h of exposure to dimethoate on biomarkers activities (mean values ± 
SE). 
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Figure 3.4- Influence of 96h exposure to dimethoate on body length increment (A), biomarkers 
activities (B and C) and time to emergence (D) (mean values ± SE).  
Asterisks above the bars mean significantly different from control (p<0.05). 
 

3.4. DISCUSSION 

3.4.1.  CHARACTERIZATION OF LARVAL STAGES AT DIFFERENT 

TEMPERATURES 

In both species and for the range of temperatures tested, results (Table 3.1) suggest that, 

an increase of temperature reduces the time of larval development by accelerating 

growth rate. This is in agreement with the results obtained by Péry (2006) with C. 

riparius. In the literature, a peak temperature of maximum growth rate is reported by 

some authors. For example, Reynolds and Benke (2005) found maximum growth rates 

for several genera of the dipteran family at 20ºC; Stevens (1998) observed a maximum 

of growth rate for Chironomus tupperi at 32.5ºC, while Frouz et al. (2002) found a 

maximum growth rate at 27.5ºC in Chironomus crassicaudatus. Here, the range of 

temperatures tested was too narrow and the phase of decreasing growth rate seems to 

have not being reached until 30ºC. For both species, the highest value of total growth 

rate was found at 30ºC, however, it should be noted that as a tropical species K. 

calligaster lives in the wild at this temperature, but habitats where C. riparius typically 

exist have considerably lower temperatures. 

Comparison between the two species showed that although the maximum body length 

of K. calligaster larvae is smaller than C. riparius, the time of larval development at 
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each temperature is very similar for both species meaning that C. riparius reaches 

higher growth rates. 

3.4.2.  BIOMARKERS LEVELS AND PROTEIN CONTENT IN DIFFERENT LARVAL 

STAGES 

The mean of ChE and GST activities for C. riparius (ChE: 8.28-16.21 nmol.min-1.mg-1  

protein; GST: 32.67-50.29 nmol.min-1.mg-1 protein) and for K. calligaster (ChE: 12.78-

32.26 nmol.min-1.mg-1 protein; GST: 21.35-57.28 nmol.min-1.mg-1  protein) determined 

in the present study are in the range of values that have been previously reported for 

midges: ChE activity from 5 to 30 nmol.min-1.mg-1  protein and GST activity from 20 to 

54 nmol.min-1.mg-1 protein have been reported for non-exposed C. riparius (Beauvais et 

al. 1999; Crane et al. 2002; Hirthe et al. 2001; Kheir et al. 2001; Olsen et al. 2001; Yuen 

and Ho 2001). In C. riparius, the highest ChE and GST activities were found in the 2nd 

instar and similar results were found for K. calligaster GST. However, at this stage a 

considerable individual variation was also found. Since this variation may interfere with 

the interpretation of toxicant effects, and since a considerable enzymatic activity was 

also found in both 3rd and 4th instar larvae with a lower variability, these stages seem to 

be the most suitable to determine GST and ChE activities in midges. 

 

 

3.4.3. INFLUENCE OF DISSOLVED OXYGEN AND TEMPERATURE ON 

BIOMARKERS OF FOURTH INSTAR LARVAE 

In both species and for the temperature range tested no significant effects of temperature 

on whole body ChE activity were found. This is in agreement with results that have 

been obtained in C. riparius exposed to temperatures from 3 to 22ºC (Callaghan et al. 

2002). In C. riparius, an induction of GST activity at the lowest temperature tested was 

found in the present study. This agrees with the results of Callaghan et al. (2002) where 

the same species was exposed to temperatures of 3, 12 and 22ºC and an induction of 

GST at 3ºC was observed. Regarding the effect of temperature on GST activity, the 

behaviour of the two species was different since no effects were observed in K. 

calligaster. 

For both species, no effect of dissolved oxygen concentration on ChE activity was 

found, which is  in agreement with the findings of other authors (Beauvais et al. 1999; 
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Choi et al. 2000). As for GST no effects on C. riparius GST activity were found, 

contradicting the findings of Choi et al. (2000) that show an induction of GST activity 

in hypoxia conditions. For K. calligaster an induction of enzymatic activity was 

observed at higher DO concentrations. 

In summary, ChE activity of both C. riparius and K. calligaster larvae seem to be 

valuable biomarkers regarding temperature and DO variations, while some caution 

should be taken when using the GST of these species as an environmental biomarker, 

particularly in field conditions since it shows some dependence on temperature and DO. 

3.4.4. COMPARATIVE STUDY OF SENSITIVITY TO DIMETHOATE 

Dimethoate was selected as test substance because it is a well known compound which 

is widely used in Thailand (as well as in several other countries) including in tangerine 

farming that is an important crop in the area studied in the scope of the MAMAS 

project. LC50 values show that C. riparius is more sensitive to dimethoate than K. 

calligaster. Based on 48h LC50 values, the tropical species is about 4 times more 

tolerant than C. riparius. Therefore, bioassays for assessing the toxicity in tropical 

conditions using the model species (C. riparius) may overestimate the risk for local 

species. EC50 value for ChE inhibition for both species was considerably lower than 

LC50 values; therefore it is a very sensitive endpoint for this compound. Dimethoate did 

not induce significant effects on GST activity, suggesting that glutathione conjugation is 

not an important pathway for its detoxification in midges.  

3.4.5. EFFECTS OF 96H OF EXPOSURE TO DIMETHOATE ON LARVAL 

GROWTH, EMERGENCE TIME AND BIOMARKERS 

ChE and emergence delay were the most sensitive parameters among those tested. 

Worth noting is the coincidence of LOEC values for ChE and emergence delay of 

larvae, suggesting that effects on ChE activity are ecologically relevant and a good 

indicator of effects at higher levels of biological organization. At the highest 

concentration tested, larvae that were alive at the end of the assay had 66.6% of ChE 

inhibition, indicating that midges are able to survive at least for a short period of time 

with such levels of inhibition. In other studies with invertebrates, survival of organisms 

is observed with high percentages of AChE inhibition. For instance, Varó et al. (2002) 

observed that Artemia salina and Artemia parthenogenetica are able to survive with 

more than 80% inhibition after exposure to chlorpyrifos and dichlorvos, Berra et al. 

 92



 
 

ASSESSING CONTAMINATION IN TEMPERATE AND TROPICAL CLIMATES: POTENTIAL USE 
OF BIOMARKERS BIOASSAYS WITH TWO CHIRONOMIDS SPECIES 

 

 93

(2006) observed that Hydropsyche pellucidula is able to survive to fenitrothion 

concentrations leading to 97% inhibition  and Kristoff et al. (2006) observed that 

Lumbriculus variegatus is able to survive to azinphos methyl concentrations leading to 

90% ChE inhibition. Regarding GST and similarly to our results, Steevens and Benson 

(1999) also verified a GST depression on Hyalella azteca exposed to OP (chlorpyrifos) 

although this is not the usual behaviour for this enzyme.  

3.5. CONCLUSION 

The tropical chironomidae K. calligaster is morphologically and physiologically similar 

to C. riparius. When reared at the same temperature, larval stage duration is the same 

for both species and decreases with the increase of temperature. However, C. riparius 

has higher growth rates and reaches bigger sizes than K. calligaster. The most suitable 

larvae instars for biomarkers determinations seem to be the 3rd and the 4th. ChE activity 

of both C. riparius and K. calligaster larvae seem to be a valuable biomarker regarding 

temperature and DO variations, while some caution should be taken when using the 

GST of these species as an environmental biomarker, particularly in field conditions, 

since it shows some dependence on temperature and DO. C. riparius was more sensitive 

(about 4 times) to dimethoate than K. calligaster suggesting that the use of bioassays 

with the former species in tropical conditions may overestimate the toxicity of 

organophosphorous pesticides to autochthonous species. In the experiments assessing 

the sub-lethal effects of dimethoate to C. riparius, ChE activity was a very sensitive 

parameter detecting significant effects at the lowest concentration that caused 

emergence delay of larvae, suggesting that it is an ecologically relevant parameter. 
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Abstract 

 

In aquatic environments, many factors determine the overall impact of a toxic event 

constituting “exposure scenarios” that must be understood so that risk assessment 

strategies can be successfully applied. In this work, the chironomids C. riparius and K. 

calligaster were used to assess the effect of temperature on chlorpyrifos toxicity. 

Moreover, an experimental design was planned to investigate the influence of the 

organism age, duration of exposure and subsequent recovery period (after cessation of 

toxic exposure) on chlorpyrifos or carbendazim toxicity to K. calligaster. The endpoints 

studied were mortality, ChE activity and GST activity. An increase in temperature was 

found to increase the sensitivity to chlorpyrifos in K. calligaster but not in C. riparius. 

Higher sensitivity of younger organisms was observed for chlorpyrifos and carbendazim 

when response criteria measured was ChE activity. Longer exposure time led to 

increased toxicity of chlorpyrifos measured by ChE inhibition and of carbendazim 

measured by ChE and GST response. Recovery, following transfer of exposed 

organisms to a clean culture medium was observed in ChE activity after chlorpyrifos 
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exposure.  These data indicate that factors such as the temperature, life-cycle stage and 

duration of the exposure play an important role in the enzymatic responses to a toxic 

event and in overall toxicity.  

 

Key-words: exposure scenarios, Chironomidae, ChE, GST, biomarkers, mortality, 

chlorpyrifos, carbendazim. 

 

4.1. INTRODUCTION 

Since the introduction of biochemical biomarkers in Ecotoxicology, issues concerning 

the interpretation and validity of these various response signals have been raised. Many 

biomarker responses have a transient temporal feature, depending on the toxicity of the 

chemical, the nature of the toxic exposure and various other factors. Hyne and Maher 

(2003) indicated that duration of the exposure, the rate of recovery and the differences 

between pulsed and continuous exposure represented the key factors that must be 

understood to correctly evaluate the environmental impact of a chemical using 

biomarkers. Among biochemical markers, the inhibition of the activity of 

cholinesterases (ChE) has been used as a diagnostic tool for organophosphate (OP) and 

carbamate (CB) insecticides (Ibrahim et al. 1998; Kristoff et al. 2006; Sturm et al. 

1999). ChEs are a family of enzymes that include acetylcholinesterase (AChE) or 

AChE-type enzymes that have a determinant function in the neurotransmission 

processes of both vertebrates and invertebrates. OP and CB insecticides, in common 

with other neurotoxic compounds, bind to AChE causing its inhibition and leading to 

the accumulation of acetylcholine in the synapse, resulting in the disruption of the 

nervous system function (Olsen et al. 2001). In addition to AChE, 

pseudocholinesterases (PChE) that hydrolyse or bind to some xenobiotics have also 

been widely used as biomarkers. Another group of enzymes that has been widely used 

as biomarker are the glutathione S-transferases (GST). These have an important 

function in the detoxification of several types of compounds including nitrocompounds, 

organophosphates and organochlorines and the increase in their activity has been used 

as an indicator of organic pollution (Hyne and Maher 2003). GSTs catalyze the 

conjugation of toxic compounds with the reduced glutathione (GSH) reducing toxicity 

and producing water soluble products that are readily excreted (Olsen et al. 2001). They 

also serve an important role in the prevention of lipid peroxidation. 
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ChE and GST activity have been proved to be valuable biomarkers in both laboratory 

conditions and field scenarios. However, in some cases, with invertebrates in particular, 

the response of these enzymes has been found to show considerable variation that seems 

to be related with both biotic and abiotic factors. Knowledge of this variability remains 

incomplete and may be a confounding factor in data analysis, constraining the utility of 

biomarkers in field situations. 

Benthic chironomidae larvae have been widely used for laboratory and in situ bioassays 

for the assessment of sediment/water contamination. The E.U. funded MAMAS project 

(Managing Agrochemical in Multi-use Aquatic Systems), used a tropical chironomidae, 

Kiefferulus calligaster, widespread in the agricultural area of Central Thailand, for the 

in situ assessment of pesticide contamination in this region. This goal necessitated 

knowledge of the species autecology, including comparisons of its sensitivity to 

reference toxicants with the standardized midge Chironomus riparius. Knowledge of 

the behaviour of the biomarkers ChE and GST under exposure to OP and CB pesticides 

will be essential for its use as a tool for environmental risk assessment.  

In the first phase of this study, the sensitivity of Kiefferulus calligaster towards the OP 

chlorpyrifos was compared with Chironomus riparius, the standard test species for 

ecotoxicology in Europe. The assay was performed at two different temperatures to 

assess the influence of this parameter on acute toxicity, using mortality and the activity 

of ChE and GST as effect criteria. In the second phase, an experimental design was 

developed using K. calligaster in different exposure treatments to the pesticides 

chlorpyrifos and carbendazim, using sub-lethal concentrations with the activity of ChE 

and GST as effect criteria to investigate: i) the influence of organism age on their 

sensitivity to the toxicant, ii) the influence of exposure duration, and iii) possible 

recovery after transference of exposed organisms to clean medium.  

4.2. MATERIAL AND METHODS 

4.2.1. TEST ORGANISMS 

Chironomidae cultures have been established in the laboratory of Ecotoxicology of the 

Biology department of University of Aveiro, Portugal since 2000 and 2002 for C. 

riparius and K. calligaster respectively. 

Cultures were maintained using standard procedures (EPA 2000).  Chironomus riparius 

was kept at 20 ±1ºC and Kiefferulus calligaster was kept at 25±1ºC. Both were 
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subjected to a photoperiod of 16:8h (light: dark). Cultures were fed every other day with 

a suspension of Tetramin®, Tetra GmbH D-49304, with a total of 0.5mg of 

Tetramin/day/larva (Péry et al. 2002). ASTM hard water (ASTM 1980)  was used as 

culture medium and plastic culture vessels (base dimensions 20x10 cm) with a thin 

(1cm) layer of sediment (holding approximately 80 larvae) were used. Gentle aeration 

was provided. 

4.2.2. BIOMARKERS ANALYSIS 

Whole chironomids were frozen in 1.5 ml phosphate buffer (0.1 M) at pH = 7.2 (to 

determine ChE activity) and at pH = 6.5 (to determine GST activity) and stored prior to 

analsysis. On the day of enzymatic analysis samples were defrosted on ice and 

homogenized with an Ystral GmbH D-7801 tissue homogenizer. Enzymatic 

determinations were performed in the supernatants obtained by centrifugation of the 

homogenates in a High Speed Brushless Centrifuge (MPW med instruments, MPW-

350R; 3 min at 4ºC and at 3348 g for ChE; 30 min at 4ºC and at 8931 g for GST).  

Total cholinesterase (ChE) activity was determined at 414 nm according to the method 

of Ellman (Ellman et al. 1961), adapted to microplate (Guilhermino et al. 1996b), using 

0.05 ml of homogenate and 0.250 ml of the reaction solution (1 ml of 5.5’-dithiobis-2-

nitrobenzoic acid (DTNB) 10 mM solution with sodium hydrogen carbonate, 0.2 ml of 

0.075 M acetylcholine solution and 30 ml of 0.1 M phosphate buffer). GST activity was 

determined at 340 nm by the method of Habig et al. (1974), adapted to microplate 

(Frasco and Guilhermino 2002), using 0.1 ml of homogenate and 0.200 ml of the 

reaction mixture (Reduced glutathione (GSH) at 10 mM and 1-chloro-2.4-

dinitrobenzene (CDNB) at 60 mM.  

Enzymatic activities were determined in quadruplicate and expressed as nanomol of 

substrate hydrolyzed per minute per mg of protein. Protein concentration in the samples 

was determined in quadruplicate by the Bradford method (Bradford 1976), at 595 nm, 

using γ-globulin as standard. A Labsystem Multiskan EX microplate reader was used 

for all biochemical determinations. 

4.2.3. INFLUENCE OF TEMPERATURE ON CHLORPYRIFOS TOXICITY TO C. RIPARIUS 

AND K. CALLIGASTER 

Acute static bioassays were performed with C. riparius and K. calligaster using a range 

of chlorpyrifos concentrations previously selected in range finding tests. In each 
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bioassay, five concentrations and an ASTM control were tested. Four replicates with 15 

larvae each were used per treatment. Exposure time was 48h; no food or aeration were 

provided; photoperiod followed a 16:8 light: dark cycle. For each species, experiments 

were performed at 2 different temperatures: 20±1ºC and 28±1ºC. A stock solution of 

chlorpyrifos was prepared (5 mg/L) and the test concentrations were obtained by serial 

dilutions with ASTM hard water. Glass beakers were filled with 300ml of test solution. 

Nominal concentrations used were 0, 0.08, 0.2, 0.5, 1.25 and 3.125 μg/L for C. riparius 

and 0, 2, 4, 8, 16, and 32 μg/L for K. calligaster. Effect criteria were mortality and the 

activity of the enzymes ChE and GST after 48h of exposure.  

The 48h-LC50 values were calculated using Probit analysis on data corrected using 

Abbots formula (Finney 1971) with the Minitab software package (Minitab 2000). 48h-

EC50 values for ChE inhibition were calculated in the same way using percentage of 

control values. 

Enzyme activity and survival data for each species were subjected to two-way analysis 

of variance (ANOVA) using chlorpyrifos concentrations and temperature as fixed 

factors. Whenever statistically significant results were found (p<0.05), the Dunnet test 

was used to test the hypothesis that: activities were lower than the control in the case of 

ChE (activity inhibition is expected under the action of a toxicant) or activities were 

different from the control in the case of GST (GST behaviour is variable in chironomids 

under the action of OP and CB). Data were tested for normality according to the 

Kolmogorov- Smirnov test applying square-root transformation for GST, log10 

transformation for ChE and arcsin square-root transformation for survival data. Sigma 

Stat 3.1 statistical package was used for the statistical analysis (SPSS 1997).  

4.2.4. K. CALLIGASTER GST AND CHE RESPONSES TO DIFFERENT EXPOSURE 

HISTORIES TO CHLORPYRIFOS AND CARBENDAZIM  

Enzymatic activities may change with age of organisms and duration of toxicant 

exposure. Therefore, it is important to consider these questions during the development 

of a new toxicity assay. In addition, in the field, animals may be continuously exposed 

to pesticides during their development or they might be exposed to pulses with (or 

without) recovery between exposures. To investigate these factors an experimental 

design for K. calligaster was established according to Figure 4.1. Toxicants used were 

Chlorpirifos and carbendazim (in two distinct experiments) measuring ChE and GST 

activities as effect criteria. 
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Specific questions to be answered were:  

i) Does the exposure time influence the toxicity of the pesticide?  

ii) Does the age of larvae influence their sensitivity?  

iii) Is there recovery of the organisms after organism transfer to clean medium? 

 

Experimental design consisted on a first set (D3) in which three day old K. calligaster 

larvae (second instar larvae) were exposed for 3 days to four sublethal concentrations of 

the pesticide (0, 1.7, 5 and 15 mg/L of carbendazim or 0, 0.38, 1.02 and 1.26 μg/L of 

chlorpyrifos) for 3 days. Six replicates with 10 organisms each were used for all the 

concentrations except for the control where 18 replicates were used. Following the 3 

days of initial treatment a random sample of larvae (n=10) was taken from each 

treatment and biomarkers levels were measured. New sets of experimental groups were 

then established using the remaining organisms: 

- (A) was based on a continuation of the original exposure conditions such that by the 

end of the experiment, group A represents organisms exposed to concentrations of 0, 

1.7, 5 and 15 mg/L of carbendazim or 0, 0.38, 1.02 and 1.26 μg/L of chlorpyrifos for a 

total of 6 days (n=3 replicates per treatment).  

- (B) organisms removed from 3 replicates of each treatment (concentration level) and 

transferred to clean ASTM medium such that by the end of the experiment group B 

represents organisms with an initial period of toxic exposure to the pesticide (3 days), 

followed by a period in clean medium (3 days) to assess the potential recovery of 

organisms. 

- (C) organisms transferred from 12 replicates of the control group (clean ASTM) to 

serial concentrations of 0, 1.7, 5 and 15 mg/L of carbendazim or 0, 0.38, 1.02 and 1.26 

μg/L of chlorpyrifos (3 replicates per concentration) such that by the end of the 

experiment, group C represents organisms that were exposed for 3 days to toxic 

conditions at an later developmental stage (i.e. 6-day old larvae, third instar).   

This second stage of the experiment lasted a further 3 days at the end of which (day 6) 

the ChE and GST activities were measured from each treatment. Experimental 

conditions were 28±1ºC temperature and 16:8h light:dark photoperiod. Gentle aeration 

and food (0.5 mg/ larvae/ day) were provided. A thin (1mm) layer of sand was spread 

in the bottom of glass beakers and 300 ml of test medium were added. Ten larvae per 

replicate were used.  
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One-way analysis of variance was first performed for each experimental group 

individually (D3, A, B and C). If statistically significant results were found (p<0.05), 

the Dunnett test was used to test the hypothesis that: activities were lower than the 

control in the case of ChE or activities were different from the control in the case of 

GST. Two-way ANOVAs were then performed with pesticide concentrations and 

specific experimental sets as fixed factors. All data passed the Kolmogorov- Smirnov 

test for normality. Sigma Stat 3.1 statistical package was used for the statistical analysis 

(SPSS 1997). 

 

A - Continuous 
exposure 

B – Exposure 
followed by 
transference to clean 
medium 

C – Late exposure 

Day 0 Day 6Day 3 

Biomarkers 
analysis 

Biomarkers 
analysis 

C0 C1 C2 C3 

C0 C1 C2 C3 

C0 C1 C2 C3 

C0 C0 C0 C0 

Figure 4.1- Experimental design to test the effect of different exposure histories to pesticides on 
GST and ChE activities. 
 

4.3. RESULTS 

4.3.1. INFLUENCE OF TEMPERATURE ON CHLORPYRIFOS ACUTE TOXICITY TO C. 

RIPARIUS AND K. CALLIGASTER 

The influence of temperature on chlorpyrifos acute toxicity was investigated by 

exposing K. calligaster and C. riparius larvae (in independent assays) to serial 

concentrations of chlorpyrifos at two different temperatures: 20ºC and 28ºC.  

Values of 48h-LC50 are presented on Table 4.1and are lower in C. riparius than to K. 

calligaster, indicating that the former is more sensitive towards the OP chlorpyrifos. 

Two-way ANOVA identified a significant effect of temperature on survival of K. 

calligaster (Figure 4.2). Moreover, 48h-LC50 values differ with temperature (a lower 
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value was found for 28ºC), suggesting that the sensitivity of this species to chlorpyrifos 

increases with temperature. In the case of C. riparius, 2-way ANOVA shows an 

interaction between chlorpyrifos concentrations and temperature (Table 4.2) indicating 

an alteration on the response pattern to the toxicant, although no differences on 48h-

LC50 values were found. 

 

ChE activity inhibition of both species in response to chlorpyrifos was dose dependent 

at both temperatures tested (Figure 4.2; Table 4.2). K.calligaster, demonstrated a 

significant interaction between chlorpyrifos concentrations and temperature (Table 4.2) 

while the response of C. riparius was not related to temperature. 48h-EC50 for ChE 

inhibition (Table 4.1) indicate no difference between temperatures for either of the 

species; suggesting that in the range tested, the temperature does not influence toxic 

action on the enzyme. 

 

Table 4.1- 48h-LC50 (mortality) and 48h-EC50 (ChE inhibition) values (μg/L of 
chlorpyrifos; n=3) and respective 95% confidence intervals. 

  48h-LC50 95% CI 48h-EC50 95% CI 
K. calligaster 20ºC 18.67 18.46-18.89 0.71 0.69-0.73 

 28ºC 6.88 6.82-6.94 0.77 0.67-0.88 
C. riparius 20ºC 0.14 0.005-0.27 0.01 0.013-0.015 

 28ºC 0.12 0.120-0.122 0.04 0.039-0.042 
 

Whilst significant effects of chlorpyrifos concentration were demonstrated for GST 

activity (Table 4.2), response patterns were inconsistent with respect to toxicant 

concentration for both species (Figure 4.2). An interaction between chlorpyrifos 

concentrations and temperature was apparent for K. calligaster which is difficult to 

explain given the irregular behaviour of the enzyme. No effects of temperature were 

found for C. riparius. 

 

Table 4.2- Summary of results from two-way analysis of variance of biomarker activities (factors 
are chlorpyrifos concentrations and temperature).    

    Concentration Temperature Conc.x Temp. 
K. calligaster GST F5, 42= 2.626; p=0.037 F1, 42= 18.985; p<0.001 F5, 42= 4.084; p=0.004 
 ChE F5, 41= 21.787; p<0.001 F1, 41= 2.725; p=0.106 F5, 41= 4.883; p=0.001 
 Surv. F5, 24= 36.013; p<0.001 F1, 24= 25.784; p<0.001 F5, 24= 1.231; p=0.325 
C. riparius GST F2, 26= 3.745; p=0.037 F1, 26= 1.059; p=0.313 F2, 26= 2.291; p=0.121 
 ChE F2, 25= 170.995; p<0.01 F1, 25= 2.917; p=0.100 F2, 25= 0.170; p=0.845 
  Surv. F5, 12= 814.853; p<0.001 F1, 12=9.00; p=0.011 F5, 12= 4.2; p=0.019 
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Figure 4.2- Effect of chlorpyrifos on C. riparius and K. calligaster larvae. Bars correspond to 
GST and ChE activities mean values ± standard error. The signs * and + above the bars indicate 
significance difference with respective to control (p<0.05) determined by the Dunnet’s test, 
following two-way ANOVA. 
 

4.3.2. K. CALLIGASTER GST AND CHE RESPONSES TO DIFFERENT EXPOSURE 

HISTORIES TO CHLORPYRIFOS  

The chosen experimental design aimed to study the effect of different exposure histories 

on the overall toxicity of chlorpyrifos using ChE and GST activity as effect criteria.  

After 3 days of exposure to chlorpyrifos (set D3) (Figure 4.3), K. calligaster larvae 

showed a significant inhibition of ChE activity at all concentrations tested 

(F3,18=16.052, p<0.001), reaching 88% of inhibition at the highest concentration. After 6 

days of exposure (scenario A) ChE activity was also inhibited at all concentrations 

(F3,17=13.133, p<0.001) reaching 52% of inhibition at the highest concentration tested. 

After 3 days of exposure to the pesticide and 3 days in clean culture medium (scenario 
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B) no inhibition was found (F3,13=0.805, p=0.513). Larvae maintained during 3 days in 

clean medium and then exposed to chlorpyrifos (at a later stage of their development) 

(scenario C) demonstrated slight inhibition of ChE activity, reaching 29% at the highest 

concentration, although this was not statistically significant (F3, 21=1.531, p=0.236). 

 

Specific comparisons within the obtained results (Table 4.3) facilitate some conclusions 

regarding the effect of the different exposure scenarios on the toxicity. For ChE:  

i) Influence of exposure duration on overall toxicity: organisms exposed for 6 days 

(scenario A) demonstrated higher levels of ChE inhibition than those of the same age 

exposed for 3 days (scenario C).   

ii) Influence of age on larvae sensitivity to the toxicant: 3-day old organisms exposed 

for 3 days (scenario D3) demonstrated higher levels of ChE inhibition than 6-day old 

organism exposed for 3 days (scenario C). 

iii) Existence of recovery after transfer of exposed larvae to clean medium: organisms 

transferred to clean medium (scenario B) recovered their ChE activity to control levels 

while those continuously exposed (scenario A) continued to demonstrate high levels of 

ChE inhibition.  

The lack of significant difference between scenario B and C (F1, 37=0.68; p=0.41) 

suggest that exposure of younger organisms followed by a period of recovery 

approximate to the same toxic effect of exposure of older organisms. 
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Figure 4.3- Effect of different chlorpyrifos exposure scenarios on biomarkers activities of K. 
calligaster larvae. Set D3: 3 days exposure to chlorpyrifos; A: 6 days of exposure to the 
pesticide; B: 3 days of exposure to the pesticide and 3 days in clean culture medium; C: larvae 
maintained during 3 days in clean medium and exposed to chlorpyrifos at a later stage of their 
development. Chlorpyrifos concentrations are: C0=0, C1= 0.38, C2= 1.02, C3=1.26 μg/L. Bars 
correspond to GST and ChE activity mean values ± standard error. Asterisks above the bars 
indicate significant differences relative to the control as determined by the Dunnett’s method 
(p<0.05). 
 
In scenario D3 no significant effects of GST activity were observed in relation to 

chlorpyrifos (F3, 11=1.627, P=0.240), although a general trend of increasing in activity 

was apparent (Figure 4.3). In scenario A, GST activity was affected by pesticide 

concentrations (F3, 15=4.782, P=0.016) with inhibition observed at the highest 

concentration. In scenario B an increase of GST activity was observed (F3, 13=7.065, 
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P=0.005) with activity 43% higher than the control group with a chlorpyrifos 

concentration of 1.02 μg/L. In C GST activity was inhibited at the highest concentration 

tested (F3, 22=7.444, P=0.001). 

 

The lack of clear effect of the toxicant on the activity of the enzyme (Figure 4.3, Table 

4.3) complicate generalisation with respect to GST activity: 

i) Influence of exposure duration on overall toxicity: no differences were observed 

between organisms exposed for 6 days (A) or 3 days (C).   

ii) Influence of age on larvae sensitivity to the toxic: 3-day old organisms exposed for 3 

days (D3) demonstrated no significant effect; however 6-day old organism exposed for 

3 days (C) showed an inhibition of activity at highest concentration suggesting older 

organisms were more sensitive. 

iii) Existence of recovery after transfer of exposed larvae to clean medium: although no 

significant effect of chlorpyrifos on group D3 was observed, after transfer to clean 

medium (B) an increase in GST activity occurred, while those continuously exposed (A) 

showed inhibition at the highest concentration. 

 

Table 4.3- Summary of two-way ANOVAs of biomarker activities with specific sets of 
experiments and concentrations to assess factors affecting toxicity of chlorpyrifos 

 Exposure duration 
(Longer exposure 

increases toxicity?) 

Age  
(Younger organisms are 

more sensitive?) 

Recovery  
(Effects revert after 

exposure cease?) 
Set comparison A and C D3 and C A and B  

AChE 
(hypothesis) 

longer exposures  lead to 
higher inhibition 

higher inhibition in 
juveniles 

activity increases when 
exposure ceases 

Concentration F3, 41=7.41; p=0.00 F3, 42=9.74; p=0.00 F3, 33=7.25; p=0.001  
Set F1, 41=9.51; p=0.004 F1, 42=32.76; p=0.00 F1, 31=18.68; p=0.00 

    

GST (hypothesis) longer exposure increases 
toxicity 

organisms of different 
ages respond differently 

activity resume control 
levels when exposure 
ceases 

Concentration F3, 40=13.24; p=0.00 F3, 36=3.98; p=0.015 F3, 31=1.74; p=0.178  
Set F1, 40=0.23; p=0.633 F1, 36=11.80; p=0.002 F1, 31=13.05; p=0.001 

 

Comparisons between scenario B and C show that, in this case, the toxicity of 

chlorpyrifos was affected by the exposure scenarios studied (F1, 38=27.24; p=0.00), such 

that exposure at later stages of larval development resulted in a different enzyme 

behaviour compared to earlier exposures. 

 

4.3.3. K. CALLIGASTER GST AND CHE RESPONSES TO DIFFERENT EXPOSURE 

HISTORIES TO CARBENDAZIM  
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Previous experimental design and analysis were performed for carbendazim: 

After 3 days of exposure to carbendazim (D3) K. calligaster larvae showed a significant 

inhibition (40%) at concentration C2 (F3, 15=3.66, P=0.037; Figure 4.4). After 6 days of 

exposure (A), ChE was significantly inhibited at the two lowest concentrations (C1 and 

C2) (F3, 8=4.125, P=0.048), reaching 60% inhibition at C1. After 3 days of exposure and 

3 days in clean culture medium (B) an inhibition was found at the two highest 

concentrations (C2 and C3) (F3, 10=10.83, P=0.002), reaching 60% of inhibition at C2. 

Larvae maintained during 3 days in clean medium and exposed to chlorpyrifos at a later 

stage of their development (scenario C), were not significantly affected by carbendazim 

(F3, 16=2.470, P=0.099). 

 

Summarising the comparative interpretation of results (Table 4.4):   

i) Influence of exposure duration: longer exposures (A) led to higher levels of ChE 

inhibition.  

ii) Influence of age on larvae sensitivity to the toxic: younger organisms (D3) undergo 

higher levels of ChE inhibition than older organisms (C). 

iii) Existence of recovery: comparing set A with set B no recovery was observed. 

Comparison between set B and C shows that the toxicity of carbendazim was affected 

differently by the several factors studied (F1, 29=12.41; p=0.001), such that the two 

exposure scenarios affected differently the response of ChE to the same toxic event. 
 

In scenario D3, no significant effects were observed in GST activity (F3, 16=0.829, 

P=0.497). In scenario A GST activity was induced on the 2nd highest concentrations (F3, 

8=6.243, P=0.017). In B and C, no concentration effects were observed (F3, 9=3.444, 

P=0.065 and F3, 16=0.155, P=0.925 respectively). 
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Figure 4.4- Effect of different carbendazim exposure scenarios on biomarkers activities of K. 
calligaster larvae. D3: 3 days exposure to carbendazim; A: 6 days of exposure to the pesticide; 
B: 3 days of exposure to the pesticide and 3 days in clean culture medium; C: larvae maintained 
during 3 days in clean medium and exposed to carbendazim at a later stage of their 
development. Carbendazim nominal concentrations are: C0=0, C1= 1.7, C2= 5, C3=15 mg/L. 
Bars correspond to GST and ChE activities mean values ± standard error.  Different letters 
above the bars indicate significant (p<0.05) differences among mean ChE or GST activities 
according to Dunnett’s test. 
 

 

Summarising comparative interpretation: 

i) Influence of exposure duration: induction of activity at two highest concentrations 

was observed for exposure time of 6 days (A) but not 3 days (C)   

ii) Influence of age: 3 days exposure did not elicit a GST response independently of the 

larval stage (no significant effects of carbendazim on either of the age groups). 
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iii) Existence of recovery: given that 3 day exposure did not elicit a measurable 

response (D3) precluded assessment of recovery.  

 

Table 4.4- Summary of two-way ANOVAs of biomarker activities with specific sets of 
experiments and concentrations to assess factors affecting toxicity of carbendazim 

 Exposure duration 
(Longer exposure 

increases toxicity?) 

Age  
(Younger organisms are 

more sensitive?) 

Recovery  
(Effects revert after 

exposure cease?) 
Set comparison A and C D3 and C A and B  

AChE 
(hypothesis) 

longer exposures  lead to 
higher inhibition 

higher inhibition in 
juveniles 

activity increases when 
exposure ceases 

Concentration F3, 27=3.11; p=0.043 F3, 34=4.73; p=0.007 F3, 21=11.14; p=0.00  
Set F1, 27=6.82; p=0.015 F1, 34=6.49; p=0.016 F1, 21=0.00; p=0.957 

    

GST (hypothesis) longer exposure increases 
toxicity 

organisms of different 
ages respond differently 

activity resume control 
levels when exposure 
ceases 

Concentration F3, 27=1.63; p=0.206 F3, 35=0.43; p=0.731 F3, 20=1.79; p=0.181  
Set F1, 27=12.62; p=0.001 F1, 35=2.63; p=0.114 F1, 20=2.56; p=0.125 

4.4. DISCUSSION 

4.4.1. INFLUENCE OF TEMPERATURE ON CHLORPYRIFOS TOXICITY TO C. RIPARIUS 

AND K. CALLIGASTER 

Knowledge of the influence of temperature on pesticides toxicity is crucial to 

understanding the comparative ecotoxicology in temperate versus tropical countries. In 

this work, the 48h-LC50 values suggest that for K. calligaster toxicity of chlorpyrifos is 

higher at 28ºC than at 20ºC. This agrees with the findings of Lydy et al. (1999)  where 

the toxicity of the OPs chlorpirifos and m-parathion to Chironomus tentans increased 

with temperature (10, 20 and 30ºC). The idea of an increase in pesticides toxicity with 

temperature is supported by previous research (Mayer and Ellersieck 1988; 

Viswanathan and Murti 1989). Some factors can be pointed out to as possible 

explanations, including increased solubility of toxicants in water, augmented rate of 

blood flow and pesticide uptake (Castillo et al. 1997) and, in the case of OPs, higher 

rates of transformation to their more toxic metabolites. 48h-LC50 values for C. riparius 

were not affected in the range of temperatures tested. Nevertheless, analysis showed a 

strong interaction between temperature and toxicant concentration, suggesting that 

temperature changes the pattern of response to the toxicant.  

Differences of LC50 between temperatures for K. calligaster were not accompanied with 

differences on EC50 values for ChE inhibition. This suggests that the relationship 

between inhibition of cholinesterase and mortality (LC50/EC50) changes with 
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temperature, with important implications for the interpretation of ChE response to 

assess pesticide toxicity. Our study shows that the same level of ChE inhibition leads to 

different levels of mortality in the same species according with temperature. This is 

particularly important to the development of molecular methods to assess pesticide 

aquatic toxicity in the tropics because a reliance on studies performed in temperate 

countries may lead to an under-estimation of risk. This emphasises the importance of 

establishing the relationship between mortality and ChE inhibition, on a case to case 

basis, according to the specific conditions of temperature.  

Although the results suggest that chlorpyrifos affects GST activity no correlation with 

chlorpyrifos concentration was observed. Evidence from published accounts are 

similarly inconsistent: GST in Chironomus riparius has not been affected by OP 

pesticides (Brewer and Atchison 1999; Crane et al. 2002; Ibrahim et al. 1998) while 

other experiments, with the same species, found an increase on the enzyme activity 

(Callaghan et al. 2002; Choi et al. 2000). These apparently contradictory results suggest 

that different OPs may have distinct detoxification pathways in the same species (that 

may, or may not, involve GSTs). Moreover, our results suggest that different 

detoxification pathways of the same OP may be present between different species.  

Although belonging to the same family, K. calligaster and C. riparius larvae showed a 

different behaviour towards chlorpyrifos exposure. GSTs are a family of enzymes with 

different sensitivity to the toxics (Kheir et al. 2001) such that, measured total GST 

activity after exposure to a xenobiotic depends if the isoenzymes present in the 

particular organism are sensitive to the specific toxic and if they are which type of 

response is elicited (an increase in activity or inhibition)  (Monteiro et al. 2006). In C. 

riparius GST isoenzymes do not seem sensitive to chlorpyrifos which is supported by 

literature (Brewer and Atchison 1999). Alternatively, detoxifying processes by some 

isoenzymes can lead to an increase in activity that is compensated for by inhibition of 

other isoenzymes, such that the final balance of GST activity lacks a clear response 

pattern. In K. calligaster results suggest that at the lowest concentrations, a detoxifying 

process prevails (increasing activity) at 28ºC but not at 20ºC.  However, the lack of 

knowledge on the behaviour of GST isoenzymes makes it difficult to understand the 

overall mechanism of toxicity as measured by general GST activity. Moreover, in the 

case of K. calligaster the differential response according to temperatures requires 

further study so that activity of GST can be reliably used to assess toxicity across 

climatic zones. 
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4.4.2. K. CALLIGASTER GST AND CHE RESPONSES AFTER DIFFERENT EXPOSURE 

HISTORIES TO CHLORPYRIFOS  

The results obtained in the present study contribute to a better knowledge on the 

influence of exposure scenarios to chlorpyrifos on biomarkers responses. Comparisons 

between group A and C suggest that, in the same conditions, a longer exposure leads to 

higher toxicity and greater ChE inhibition. A comparison between group D3 and A 

could also be used to provide information on the influence of exposure time, however, 

organism age differs at the end of these two treatments which, per se, can influence 

toxicity. Comparisons between group D3 and C suggest that under the same exposure 

conditions to chlorpyrifos, younger larvae (second instar) are much more sensitive than 

older ones (third instar larvae), agreeing with the study of Stuijfzand et al. (2000) where 

they used a different OP (diazinon) and the midge Chironomus riparius, reporting the 

first instar larvae to be much more sensitive than fourth instar larvae.  

 

Comparisons between A and B suggest that in group B, transfer to clean medium 

allowed ChE activity to return to control levels, indicative of larval recovery. This 

agrees with evidence from pervious invertebrate studies where partial or total recovery 

of ChE levels have been documented after transfer to clean medium following exposure 

to OP pesticides (Barata et al. 2004; Escartin and Porte 1996; Moulton et al. 1996). 

Other research has shown that existence of the potential for organism recovery depends 

on the type of pesticide, the concentration and the post-exposure time  (e.g. Kristoff et 

al. 2006). 

 

No effect of exposure duration was observed for GST activity. Six days exposure 

seemed to have the same effect (inhibition at the highest concentration) as 3 days 

exposure. Some work have reported changes in GST response according to exposure 

time, for instance, GST induction in C. riparius exposed to pirimiphos methyl during 

48, 72 or 96 hours was reduced when the exposure time was increased (Callaghan et al. 

2002). Similarly, GST activity of Hyalella azteca exposed to chlorpyrifos was inhibited 

at 96 h but not at 48h (Steevens and Benson 1999). As GST seems to behave differently 

according to toxicants and species and since no previous research on the species used in 

this work were available in the published literature no comparisons can be made to 

support the results obtained. Exposure of older organisms led to an inhibition of the 

enzyme activity on the highest concentration which was not observed in younger larvae, 
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suggesting that development stage is an important determinant of organism sensitivity. 

The results from the experiment to assess organisms’ recovery, where a significant 

increase on GST activity was observed, suggest that detoxifying mechanisms were still 

ongoing.  

4.4.3. K. CALLIGASTER GST AND CHE RESPONSE FOLLOWING DIFFERENT 

EXPOSURE HISTORIES TO CARBENDAZIM  

In the literature, two studies with C. riparius showed ChE inhibition correlated with 

concentration of various carbamate pesticides (Ibrahim et al. 1998; Sturm and Hansen 

1999). Whilst similar results might have been expected in this study, due to the mode of 

action of this group of pesticides, K. calligaster did not show a concentration-dependent 

ChE inhibition. In common with the response to chlorpyrifos, ChE inhibition by 

carbendazim was influenced by exposure time and organism age, however, recovery 

after transference to clean medium was not observed. Data on invertebrate exposure to 

carbamates is scarce, however, most studies have documented a recovery of ChE levels 

after transfer to clean medium, namely in Chironomus riparius exposed to carbaryl 

(Kallander et al. 1997) and in Daphnia magna exposed to carbofuran (Barata et al. 

2004). Barata et al. (2004) also compared recovery after carbofuran exposure with 

recovery after chlorpyrifos or malathion exposure, finding recovery from carbamate 

exposure was much more rapid. This is because the interaction of carbamate with ChE 

is reversible while it is considered to be physiologically irreversible in the case of OPs. 

In the case of CB inhibition, reactivation of the enzyme occurs spontaneously over a 

short period of time, following dilution or substrate competition (Thompson 1999). 

However in molluscs, recovery following CB exposure was found to be slower or 

inexistent (Mora et al. 2000; Moulton et al. 1996). In our work no explanations could be 

found for the inexistence of recovery. 

The response of GST activity differed with exposure to carbendazim or chlorpyrifos. 

Unlike chlorpyrifos, carbendazim exposure induces GST activity after 6 days but not 

after 3 days which indicates that the enzyme needs some time to be induced and, 

therefore, its behaviour is dependent of the exposure-time. As no effects on enzyme 

activity were observed after 3 days of exposure, no conclusions can be made regarding 

the influence of age or recovery. 
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4.5. CONCLUSION 

K. calligaster seemed to be less sensitive towards chlorpyrifos than C. riparius which 

demonstrates the importance of using local species in ecotoxicity tests to provide a more 

realistic assessment of risk to local communities. Results for K. calligaster support the 

general idea of an increase of toxicity with temperature. The importance of knowing the 

behaviour of biomarkers responses under different climates conditions is clearly 

demonstrated since temperature changed the ratio LC50/EC50 in the case of ChE and 

changed the response pattern in the case of GST for K. calligaster.  

 

Different exposure histories have a great influence on biomarker responses but no 

generalizations can be made because distinct behaviours were apparent according to the 

enzyme and the toxicant used. Various situations were analysed where an enzyme 

response depends on concentration of the toxicants, exposure duration and age of the 

organisms. An alteration of enzymatic levels will be the result of all these factors which 

demands a good understanding on their influence to interpret any response. Moreover, 

recovery of ChE levels after transfer to clean medium was apparent, after exposure to 

chlorpyrifos indicating that under pulsed exposure time since last contamination will 

also be an important factor determining enzymes response.  
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Abstract 

The aims of this study was to verify the suitability of in situ tests with the tropical 

midge Kiefferulus calligaster and to evaluate the most sensitive endpoint for the 

assessment of aquatic pesticide contamination. In situ tests were carried out in 

freshwater drainage channels (farm channels) that supply vegetable crops and receive 

considerable pesticide spray drift, and at channels outside farms (main channels). 

Moreover a pesticide-free farm was used as reference site. The endpoints analysed 

were: survival, body length increment, capsule width increment, cholinesterase activity 

and glutathione S-transferase activity. Seasonal change was investigated as rainy season 

and dry season. Deleterious effects were observed at some farms especially during the 

rainy season when farmers apply heavier doses of pesticides. However, high mortality 

rates observed in main channels suggest that these water bodies are also affected by 

other impacts besides pesticide use. In situ assay with K. calligaster demonstrated its 

potential as a promising tool for the environmental quality assessment of tropical 

aquatic ecosystems.  
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 Keywords: tropical ecotoxicology, pesticides, in situ assays, biomarkers, 

chironomids 

 

5.1. INTRODUCTION 

Few studies have been done in tropical climates in terms of environmental risk 

assessment. Moreover, the registration of new pesticides in developing countries 

typically relies on toxicity studies carried out on temperate species. However, 

information about the distribution, fate and mobility of pesticides and the factors that 

affect their presence in temperate environments may not be applicable in tropical 

countries where climatic features, e.g. high temperatures and rainfall, and agricultural 

practices differ (Abdullah et al. 1997). Degradation rates of pesticides can be higher in 

tropical environments due to higher temperatures and sunlight although toxicity may 

increase with increasing temperatures due to the higher solubility of toxicants in water 

and the resultant augmented uptake and increased bioconcentrations (Castillo et al. 

1997) Also, oxygen availability is reduced at higher temperatures and may further 

exacerbate the toxic effect. 

In situ bioassays are important tools for monitoring environment quality as it is oftern 

difficult to represent interactions between physical, chemical and biological stressors 

which are specific for the exposure site in the laboratory (Den Besten et al. 2003). On 

the other hand, the simple detection and/or quantification of pesticides in both physical 

and biological compartments of an ecosystem has limitations in terms of costs and value 

of the information concerning the impact to communities. Thus, risk assessment studies 

should include a biological approach in which an evaluation of exposure of living 

organisms and subsequent effects at individual, population and/or community levels is 

done (Lagadic 2002). Several methods have been developed for invertebrates in situ 

exposures and in situ chambers have been successfully designed for some chironomid 

taxa, namely C. riparius (Castro et al. 2003; Crane et al. 2000; Den Besten et al. 2003) 

and C. tentans (Chappie and Burton 1997; Sibley et al. 1999). Chironomid in situ 

approaches include risk assessment in agricultural areas and estuaries using Chironomus 

riparius (Crane et al. 1995a; Soares et al. 2005b); assessment of metal bioavailability 

with Chironomus crassiforceps (Peck et al. 2002), and assessment of urban and 

agricultural runoff with Chironomus tentans (Tucker and Burton 1999). 
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In the aquatic environment the concentration of pollutants may not be high enough to 

cause mortality which is, therefore, an inappropriate endpoint for risk assessment. The 

biomarkers approach has been widely used as it is based on the assumption that low 

toxicant concentrations cause a biochemical response within individuals before the 

manifestation of those effects can be observed  at higher levels of biological 

organization (McLoughlin et al. 2000). As such, a biomarker represents a cellular or 

biochemical component, process, structure or function that can be xenobiotically 

induced and measured in a biological system or sample (Kendall et al. 2001). Two 

enzymes are of particular interest as biochemical biomarkers for risk assessment of 

pesticide use: Acetylcholinesterases (AChE) and Glutathione Transferases (GST’s). 

 AChE has a key role in the maintenance of normal nerve function and is inhibited by 

neurotoxic compounds such as phosphate and carbamate esters (commonly used as 

insecticides) that bind to the enzyme and lead to the accumulation of acetylcholine in 

the synapse resulting in the disruption of the normal nervous system function (Olsen et 

al. 2001). In consequence, AChE inhibition has used as a specific biomarker for 

organophosphate and carbamate pesticides. 

GSTs are a family of enzymes catalyzing the conjugation of reduced glutathione (GSH) 

in the detoxification of compounds having electrophilic centers (nitrocompounds, 

organophosphates, organochlorines). The GSH conjugation products become less toxic 

and more soluble in water so that they can be easily excreted (Olsen et al. 2001). 

Elevated GST activity has been associated with resistance to all the major classes of 

insecticides (Enayati et al. 2005). 

Biomarkers have already been used as tools for in situ assessment of pesticides in both 

invertebrates (Forget et al. 2003; Moreira and Guilhermino 2005; Radenac et al. 1998) 

and vertebrates (Sturm et al. 1999). Although there are some constraints in the use of 

biomarkers relating to their specificity, ecological relevance and the influence of 

additional non-contaminant factors on enzyme response, they have represent an 

important contribution to integrated pesticide risk assessment.   

This study was part of a European project (MAMAS- Managing Agrochemical in 

Multiuse Aquatic Systems) that aimed to develop a battery of in situ tests using 

indigenous organisms to assess pesticide contamination in aquatic environments that 

surround intensive multi-crop farms in Central Thailand. This paper addresses to the in 

situ bioassay utilizing the tropical freshwater chironomid, Kiefferulus calligaster, to 
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assess pesticide contamination based on sub-individual (ChE and GST) and individual 

(survival and growth rate) endpoints.  

 

5.2. MATERIALS AND METHODS 

5.2.1. TEST ANIMALS AND CULTURE CONDITIONS  

Organisms deployed in field tests were based on regionally common midge, Kiefferulus 

calligaster that were collected in an agricultural area of central Thailand (Nakhon 

Chaisi district, June 2002). Sediment was collected using a drag, and sieved to separate 

chironomid larvae from particulate matter before transferring organisms to clean 

medium where they were fed (as described below) until emergence. A culture was 

established in the Aquaculture and Aquatic Resources Management laboratory (Asian 

Institute of Technology, Thailand) following  standard procedures (EPA 2000). The 

culture was kept in natural conditions of temperature and photoperiod (28±2ºC and 

12:12h light:dark cycle) and larvae were fed every two days with a suspension of 

Tetramin®, Tetra GmbH D-49304 totalizing 0.5mg of Tetramin/day/larva (Péry et al. 

2002). ASTM hard water (ASTM 1980) was used as culture medium in plastic culture 

vessels (base dimensions 20x10 cm) with a thin (1cm) layer of sediment (holding 

approximately 80 larvae), gentle aeration was provided. 

Third instar larvae were used in the field deployments since at this stage larvae are big 

enough to be handled easily and will undergo moulting during field exposure (as they 

grow to the fourth instar) representing a period of higher sensitivity to pollutants.  

5.2.2. STUDY SITES 

The study sites were located in Kokprajadee, central Thailand in farming systems 

characterized by long beds (2-3 m wide), upon which crops are grown, separated by 

freshwater irrigation ditches (0.5-1 m wide, 0.2-0.5 m depth) that are supplied by an 

outside source of water via either through a channel inlet or motorised pump. Principal 

crops produced are Chinese cabbage and Chinese Kale. Farmer residence is located in 

the vicinity of the farming area and, very often, water from the farm channels is also 

used for bathing, cooking and washing cloths and dishes. Large quantities of pesticides 

are applied to crops to kill pests and also as a preventive measure with a high 

probability of spray drift entering adjacent water channels. Various pesticides are 
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applied; some belonging to classes Ib (Dicrotophos) and II (Profenofos, Paraquat and 

Chlorfenapyr) of the World Health Organization’s (WHO) classification system: “WHO 

Recommended Classification of Pesticides by Hazard”.  A preliminary ecological risk 

assessment has been made for this area based on an estimation of a PEC/NEC ratio 

(Predicted Environmental Concentration/ No Effect Concentration), considering spray 

drift as the only entry route of pesticide in the water. For all situations studied a 

potential risk was found (ratio PEC/NEC > 1), indicating that significant effects of 

pesticide exposure could be expected on aquatic life (Satapornvanit et al. 2004; Van den 

Brink et al. 2003). In this study, target sites were the channels surrounding cultivation 

areas (farm channels- FC) and the channels outside the farms (main channel- MC) that 

serve as the water source to the farm (Figure 5.1). An Organic Farm (OF) was chosen as 

reference site since no pesticides were applied in the last 5 years. This farm has the 

same structure of the ones described earlier.  

 
Figure 5.1- Diagram of a typical vegetable farm in Kokprajadee, Central Thailand. 
 

5.2.3. IN SITU BIOASSAY CHAMBER AND GENERAL PROTOCOL 

The assay method was based on exposure set described by Soares et al. (2005a) with 

various endpoints: survival (S), head capsule width increment (CW), body length 

increment (BL), ChE activity (ChE) and GST activity (GST). Test chambers consisted 

of a 20 cm opaque PVC tube (6 cm diameter) with two lateral windows (10 x 4 cm) 

covered with 200 µm nylon mesh. Both ends of the chamber are covered with mesh but 

on the upper one the mesh is removable (fixed with a rubber band) to allow introduction 

and removing of sediment. The mesh was sealed to the chamber with white thermal glue 

(Elis-Tawain, Tawain, TN122/WS). Four farms were selected as sites for in situ 
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deployment, namely Surat Farm (S1), Chanchai Farm (S2), Som Jit Farm (S3) and 

Chuchat Farm (S4). In each site one deployment set was placed in the farm channel and 

another in the main channel. Each set was constituted by 6 replicated chambers with a 

maximum of 10 organisms each, placed in a holding structure consisting of metal wire 

basket. One additional set was deployed in the Organic farm. The same experimental 

design was conducted in the rainy season and the dry season.  

day -1 

The day before starting the assay, the structure holding the chambers was placed in the 

study and reference sites, attached to the margins by a thin rope (no current was 

observed in these channels). A 2 m long transparent plastic tube was connected to each 

chamber will allow introduction of chironomids from the bank. Placement of 

deployment sets did not interfere with farming activities or boat passage. Artificial 

sediment (sand washed and sieved through 1 mm sieve) was used since preliminary 

trials showed that the local sediment was not suitable for bioassays as it dark 

colouration caused difficulties for chironomid retrival (recovering rate of chironomids 

on mud was 12.5% against 79.2% in clean sediment).  

day 0 

Third instar Chironomid larvae were transported to the field in small glass vials with 

ASTM hard water. Ten larvae were introduced in each chamber through the plastic tube 

with the help of a Pasteur pipette. ASTM culture medium was also poured through the 

tube with the help of a syringe to propel the larvae to the chamber. 1.5 ml of a Tetramin 

suspension (20mg/ml) was introduced in the same way to feed the animals. 

day 4 

Chambers were removed from the holding structure and placed in the bucket filled with 

water from the channels and transported directly to the laboratory. 

In the laboratory sediment was removed from the chambers, inspecting chambers for 

chironomids may have become stuck to the walls or mesh. Chironomids and sediments 

were sieved to separate organisms from particulate matter before calculating larval 

survival rate. Live chironomids from each chamber were divided in 3 groups: (i) 

animals were preserved in ethanol 70% solution for body length and head capsule width 

measurements; (ii) and (iii) the entire animals were frozen in 1.5 ml eppendorfs with 

phosphate buffer, 0.1 M, pH= 7.2 for cholinesterase (ChE) and 6.5 for Glutahione-S-

transferase (GST) analysis. Samples were frozen at -20ºC for ChE determinations and at 

-80ºC for GST determinations for a maximum of two weeks. 
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5.2.4. PHYSICOCHEMICAL ANALYSIS OF WATER 

Water samples were collected in dark glass bottles at the sites at the same time as 

bioassay deployment was initiated for chemical analysis. Analysis followed standard 

methods (Clesceri et al. 1989) and included the determination of hardness, alkalinity, 

nitrite, ammonia, chlorphill a, TVS (total volatile solids) and TSS (Total suspended 

solids). Dissolved oxygen (DO), pH, water temperature and conductivity were measured 

in situ with portable meters (pH meter- WTW pH 330i/SET ,WTW, Weilheim 

Germany; conductivity meter-WTW COND 330i/SET,WTW, Weilheim, Germany; 

Oximeter - WTW OXI 330/SET ,WTW, Weilheim, Germany). 

 

5.2.5. BIOMARKERS ANALYSIS 

Samples were defrosted in ice, homogenized in a Ystral GmbH D-7801 tissue 

homogenizer and activity determinations performed on the supernatants obtained by 

centrifugation of the homogenates in a High Speed Brushless Centrifuge (MPW med 

instruments, MPW-350R) (4ºC, 3348 g, 3 min for ChE and 4ºC, 8931 g, 30 min for 

GST’s). 

The ChE assay was performed at 414 nm according to the method of Ellman (1961) 

adapted to microplate (Guilhermino et al. 1996b), using 0.05ml of homogenate and 

0.250 ml of the reaction solution (1 ml of 5.5’-dithiobis-2-nitrobenzoic acid (DTNB) 10 

mM solution, 0.2 ml of 0.075 M acetylcholine solution and 30 ml of 0.1 M phosphate 

buffer). 

GST activity was determined at 340 nm by the method of Habig et al. (1974) adapted to 

microplate (Booth et al. 2000), using 0.1 ml of homogenate and 0.200 ml of the reaction 

mixture (Reduced glutathione (GSH) at 10 mM and 1-chloro-2.4-dinitrobenzene 

(CDNB) at 60 mM) 

All enzymatic activities were determined in quadruplicate and expressed as nanomol of 

substrate hydrolyzed per minute per mg of protein. Protein concentrations were 

determined in quadruplicate by the Bradford method (Bradford 1976) at 595 nm using 

γ-globulin as standard. A Labsystem Multiskan EX microplate reader was used for all 

determinations.  
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5.2.6. STATISTICAL ANALYSIS 

For each season normality of data was tested (Kolmogorov_Smirnov normality test) and 

the homogeneity of variance was verified (Barlett’s test). The follow transformations 

were performed to normalise data: body length increment and GST: log10; capsule width 

increment and ChE: square root; survival: arcsin square root. One-way analysis of 

variance (ANOVA), followed by the Dunnet test was used to assess differences between 

study sites and references. The hypothesis that activities were lower than the control 

was tested in the case of ChE, whilst a (greater than, less than) difference from the 

control was tested for the other endpoints. For sites S2 and S3, where no mortality was 

observed, and data for farm channel and main channel a three-way ANOVA was 

performed to assess influence of season, type of channel and study site (farm).  

SigmaStat  (SPSS 2004) was used to perform all statistical analysis. The significance 

level used in all statistical testing was 0.05. A Redundancy Analysis (RDA) was 

performed on endpoint-datasets (as species data) including physicochemical water 

parameters (as environmental data) following the log-transformation of data. 

Multivariate analysis was performed using CANOCO 4.5 (Ter Braak and Smilauer 

2002).  

5.3. RESULTS 

5.3.1. CANOCO ANALYSIS 

Results from RDA are summarised in Figure 5.2, with a strong correlation between 

toxicity endpoints and water properties on the first two axes (0.964 and 0.934 

respectively). The first two axes explained 71.3% of the variation in toxicity endpoints, 

whilst the interaction between toxicity parameters and water physicochemical 

parameters account for an additional 20.1% of the total variability. Seasons were 

identified by a gradient where higher levels of GST activity and lower survival rates are 

associated with the rainy season. Body length and head capsule width increments were 

more weakly associated with season, increasing towards dry season. Monte Carlo 

forward selection identified the effects of nitrite and total suspended solids as significant 

(see Table 5.1).  
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Figure 5.2- Species-environment triplot diagram from the RDA analysis 

 

Table 5.1- Significant conditional effects obtained using Monte Carlo 
forward selection 

Variable Var N Lambda A       P         F 
Nitrite  5 0.26 0.006 6.64 
TSS      8 0.26 0.012 4.5 
Conductivity  3 0.07 0.098 2.16  

 

5.3.2. REFERENCE SITE 

The organic farm showed some variability between seasons for all endpoints (BL: F1, 

15=24.61, p<0.001; CW: F1, 15=50.33, p<0.001; ChE: F1, 11=34.70, p<0.001; GST: F1, 

9=5.14, p=0.05) except for survival (F1, 19=2.63; p=0.121). Variation in parameters 

measured at the organic farm relative to laboratory values are represented in Figure 5.3. 

Mean values measured during rainy season compared to lab values ranged between 35 

and 64% for body length increment; 37 and 96% for capsule width increment; 35 and 

60% for ChE activity and 79 and 160 % for GST activity. Survival at reference site 

ranged between 75 and 100%.  Values for the parameters measured at the organic farm 

during dry season compared to lab values ranged between 17 and 30% for body length 
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increment; 12 and 18% for capsule width increment; 76 and 92% for ChE activity and 

67 and 75 % for GST activity. Survival at reference site ranged between 73 and 100%.   
re

sp
on

se
 (p

er
ce

nta
ge

 of
 la

bo
ra

tor
y l

ev
els

)

Endpoint
Season

GSTAChECWBLSurvival
RainyDryRainyDryRainyDryRainyDryRainyDry

200

150

100

50

0

100

 
Figure 5.3- Variation of endpoints measured at the reference site compared to laboratory values 
measured under control conditions. (BL- body length increment; CW- capsule width increment, 
AChE- cholinesterase activity, GST- glutathione S-transferase activity). 
 

5.3.3. SURVIVAL 

Two sites, S1 and S4, had recurrently high mortality or no survival in the main channels 

regardless of season. In farm channels one site showed significantly lower survival than 

the reference (S2 in the rainy season; Figure 5.4). Three-way ANOVA analysis of S2 

and S3 sites showed that there were significant differences between seasons (lower 

survival during the rainy season) and between sites with a strong interaction between 

sites and channels (Table 5.2).  

5.3.4. DEVELOPMENTAL ENDPOINTS 

During the rainy season, three farms (S1, S2 and S3) had lower increments on body 

length compared to reference, although differences were only statistically significant for 

S2 (Figure 5.4).  During the dry season S3 main-channel had lower increments on body 

length compared to the reference. Percentage inhibition demonstrated a significant 

difference between seasons (higher inhibition of growth during the rainy season) and 

between channels with an interaction between sites and channels (Table 5.2). 
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Figure 5.4- Endpoints tested on in situ deployments with Kiefferulus calligaster. Error bars 
indicate ± one standard error; asterisks above the bars indicate a significant difference to R 
(reference) (ANOVA p<0.05, Dunnet’s post hoc test, p<0.05). © means 100% mortality; @ 
indicates that the number of survival organisms at this site was not high enough to perform 
measurements. 
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During the rainy season, two farms (S1 and S2) had lower increments on capsule width 

compared to the reference, although the difference was only statistically significant at 

S2 (Figure 5.4). During the dry season no differences with reference sites were 

observed. Significant differences between sites were evident (Table 5.2). 

5.3.5. BIOMARKERS 

In the rainy season two sites (S1 and S2) show an inhibition of cholinesterase activity 

on farm channels compared to the reference, although the difference was only 

statistically significant at S2 farm channel (Figure 5.4).  No differences compared to 

reference sites were evident during the dry season. Three-way ANOVA revealed 

differences between channels but this is probably due to the abnormal values obtained 

for S1 and S2 main channels activities. An interaction between sites and channels was 

evident (Table 5.2).  

In the rainy season two sites (S2 and S3) showed a slight increase on GST activity 

compared to the reference but it was only statistically significant in main channels. 

During the dry season no differences were observed. Three-way ANOVA revealed 

differences between seasons with an increased activity in the rainy season but not 

during the dry season. 

 

Table 5.2-Three-Way ANOVA for endpoints measured in the field. Factors are season, site (farm) and type 
of channel. 
 Factors S BL CW ChE GST 
Season F1, 40= 12.82; P=0.001 F1, 32= 18.58; P=0.000 F1, 32= 0.64; P=0.428 F1, 31= 2.78; P=0.105 F1, 30= 30.63; P=0.000 
Site F1, 40= 6.2; P=0.017 F1, 32= 0.000; P=0.994 F1, 32= 11.37; P=0.002 F1, 31= 3.72; P=0.063 F1, 30= 0.01; P=0.934 
Channel F1, 40= 0.94; P=0.338 F1, 32= 6.82; P=0.014 F1, 32= 0.45; P=0.505 F1, 31= 20.96; P=0.000 F1, 30= 7.7; P=0.009 
site*channel F1, 40= 20.4; P=0.000 F1, 32= 8.46; P=0.007 F1, 32= 0.18; P=0.675 F1, 31= 7.96; P=0.008 F1, 30= 0.000; P=0.975 

 

5.4. DISCUSSION 

5.4.1. SUITABILITY OF THE STUDY PLACES 

The channels where bioassays were deployed in this study proved to be suitable for 

chironomid exposure although some further considerations are appropriate. Since 

deployments are performed in farms with several kinds of activities co-occurring, 

precaution should be taken in order to not disturb farm activities like irrigation, 

harvesting, seeding or spraying. Moreover, attention should be given to water 

management inside the farm that can lead to sudden changes in the water level of test 
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channels. Other constraints relate to the physic structure of the water bodies such as 

steep margins and difficult assess (in particular in the main channel).  

5.4.2. REFERENCE SITE 

Differences were observed in the parameters measured at the reference site between the 

two deployments (rainy season and dry season). As no pesticides had been recently 

applied to this site, differences are likely to be the result of seasonal fluctuation. The 

identification of the baseline variation is important to the accurate interpretion of 

results. Survival levels were similar between seasons, while developmental endpoints 

(body length and head capsule width) were depressed during the dry season which may 

have been caused by a degradation of overall water quality associated with water 

stagnation (water renewal did not occur). Evidence for this is supported by RDA 

analysis which associated low levels of dissolved oxygen with the reference site in the 

dry season. Moreover, high chlorophyll a content and low nitrite levels were associated 

with reference sites during the rainy season presenting favourable conditions for 

organism growth. Nevertheless this did not seem to affect biochemical parameters (ChE 

and GST) that presented values closer to laboratory levels during the dry season. In 

contrast, biomarkers levels during the rainy season were slightly depressed in the case 

of ChE and increased in the case of GST compared to laboratory levels which raises 

concerns for the potential run off of chemicals into the organic farm during the rainy 

season, which would compromise the usefulness of the organic farm as a reference site. 

The choice of a good reference site is crucial to results validation and unlike in situ 

testing in rivers where sites upstream source of pollution are often suitable as reference 

sites, reference sites in tropical agro-systems can be more difficult to define because 

water bodies incorporate a complex network of channels where pollution sources can be 

difficult to identify. A sound approach for future similar works would include the choice 

of more than one reference sites or the performance of a preliminary work screening 

several possible reference sites to identify the most suitable. 

 

5.4.3. SURVIVAL 

Although the four study sites selected for this work belong to the same type of agro-

system with a similar physical structure, water management dynamics and crops 

cultivation, differences were observed between them for several of the endpoints tested. 
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Two farms, independently of the season, presented either very low levels of survival or 

no survival in main channels (S1 and S4) which could only be explained by other 

sources of contamination affecting these channels besides pesticide use. Factors not 

monitored in this study such as the use of the water for domestic purposes, circulation of 

motorized boats and the potential effects of aquatic plants may cause further alterations 

to water quality, potentially increasing observed mortality. Survival levels were always 

higher than 70% in farm channels except for S2 in the rainy season. Unlike the main 

channels, no heavy impact was observed in these channels besides pesticide drift, since 

its use is restrained to watering the plots. Eventual spray drift on farms do not seem to 

have a direct effect on the survival of test organisms. 

 

5.4.4. DEVELOPMENTAL ENDPOINTS 

During the rainy season, a depression on body length increment and capsule width 

increment was observed from two farms although for both parameters the difference 

was only significant at S2. During the dry season no depression of these parameters was 

observed. Differences between seasons may be explained by different agricultural 

practices since farmers apply higher doses of pesticides during rainy season (MAMAS-

project 2003b). Farmers have the perception that rain “washes out” pesticides from soils 

and that higher doses must be applied to achieve the same effect on pest elimination. 

This can eventually lead to an increase of pesticide residues in water due to spray drift 

and run off.  

Differences between farm channels and main channels were expected since the former 

were located in the spraying areas and consequently were more prone to receive spray 

drift and accumulate residues while the main channels were located outside the farm 

and thus, outside the sprayed areas. The absence of a difference may be explained by 

the dynamics of water management according to seasonal needs; during the rainy season 

potentially contaminated water from farm channels might be pumped out into the main 

channels (to avoid overflow of farm channels) increasing their contamination. 

Moreover, potential effects of pesticides on these main channels might be difficult to 

distinguish from contamination due to other use of these water bodies (see above). 

 

5.4.5. BIOMARKERS 
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The depression of ChE activity has been used as diagnostic of carbamate or 

organophosphorous pesticides contamination. In our work, although it is known that OP 

pesticides were widely applied in the studied area, a slight depression on ChE activity 

was only observed in S1 and S2 farm channels during the rainy season (only statistically 

significant for S2), corresponding to the results for growth rate and head capsule 

increment. No inhibition of ChE activity was observed in the main channels for any of 

the seasons suggesting that contamination of these channels is probably not due to OP 

or carbamate pesticides. The high temperatures in tropical environments may, among 

other factors, explain the lack of response observed in farm channels. Some authors 

have suggested that elevated temperature might reduce toxicity of OP pesticides 

(Viswanathan and Murti 1989) and consequently reducing inhibition of cholinesterase. 

Moreover, temperature may increase ChE levels, rates of reactivation of inhibited ChE 

and general metabolic rates, affecting the toxicity of some cholinergic pollutants 

(Moulton et al. 1996). Few in situ studies have investigated the cholinergic effects of 

OP and carbamates pesticides in invertebrates. A clear response of ChE has been only 

obtained on events more likely to constitute acute pulses of pesticide contamination, as 

is the case for the depression on ChE activity associated with the die-off of the mussel 

Elliptio complanata reported by Fleming et al. (1995); the high AChE inhibition (55%) 

in the crayfish Procambarus clarkii after application of fenitrothion on Ebro Delta 

irrigation channels (Escartin and Porte 1996) and the inhibition of AChE associated 

with significant levels of mortality in Gammarus pulex after the use of malathion on 

watercress beds (Crane et al. 1995b). This may result from many factors including 

difference in individual organisms, age, diurnal and seasonal changes (Thompson 1999) 

which are impossible to controlled in a field situation and may contribute to a decrease 

to its sensitivity and represent a constraint for its use as early warning signal. 

Nevertheless, previous research has described in situ exposures in which ChE inhibition 

was successfully used as diagnostic of pesticide contamination, e.g. Chironomus 

xanthus exposed to deltamethrin in mesocosms studies  (Moreira-Santos et al. 2005).  

In our study the low sensitivity of ChE may be attributed to the two aspects: biotic and 

abiotic factors conferring high variability to the results and/or temperature leading to a 

decrease in the toxicity of cholinergic pesticides.  

 

GST activity increase has been associated with organic pollutants exposure in numerous 

insect species, however, according to Olsen et al. (2001) it remains unclear to what 
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extent GST induction can be expected in the chironomid Chironomus riparius exposed 

in situ to xenobiotics. In our work with the chironomid Kiefferulus calligaster, a slight 

increase on GST activity on S2 and S3 sites during the rainy season was observed. 

Absence of ChE inhibition in the main channels of the same farms suggests that 

contamination at these sites was not due to OP or carbamate pesticides but due to other 

environmental impacts previously discussed. The increased GST activity on Farm 

Channels on these same farms might have been due to OP pesticide contamination 

(since a certain degree of ChE inhibition was also observed). 

The majority of published work on the in situ assessment of organic pollutants has used 

mussels as test organism with differing results. Some authors have demonstrated 

increased GST activity as tool for contaminant assessment (Gowland et al. 2002; Kaaya 

et al. 1999; Moreira and Guilhermino 2005) while others reported no increase in 

enzyme levels (Bebianno et al. 2004; Porte et al. 2000). 

Although no strong relationship was found between GST activity and any of the 

physicochemical parameters studied, chironomid GST responds to some environmental 

factors such as temperature and dissolved oxygen (Callaghan et al. 2002; Choi et al. 

2000). Moreover, some studies have suggested that GST may not respond as rapidly as 

ChE (Steevens and Benson 1999) and the exposure in the field may not have been long 

enough to elicit a response. All these factors may interfere with the interpretation of the 

results making a specific inference on the presence and effects of pollutants difficult 

 

5.4.6. SENSITIVITY OF ENDPOINTS  

With the exception of site S2 during the rainy season where a general and consistent 

depression on the endpoints studied (including survival) was observed, the responses of 

the selected endpoints in this study were weak and generally not statistically significant. 

Moreover biochemical endpoints did not show higher sensitivity then developmental 

endpoints. This suggests that: i) either the test organisms and endpoints chosen in this 

work were not sensitive enough, or ii) the studied aquatic environment was less 

impacted than expected given the large amounts of pesticides applied in the area. The 

test species belongs to the chironomids family which are known to be ubiquitous and 

resistant organisms. This could be invoked as a reason to question the sensitivity of this 

assay. However, using a more sensitive species (the freshwater prawn Macrobrachium 

rosenbergii) similar results were obtained based on the post-exposure feeding rates of 
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this prawn (Satapornvanit 2006). The endpoints studied represented a range of 

parameters with different sensitivities. Survival is typically associated with acute effects 

of contaminants; developmental endpoints (growth and capsule width increment) are, in 

comparison, moderately sensitive while biochemical parameters are, in theory, expected 

to be the most sensitive, responding to low levels of pollutants. The use of several 

endpoints, spanning a wide range of sensitivities, is generally recommended since 

information provided by each parameter presents complementary data. Nevertheless, the 

increase of the sensitivity of endpoints in relation to toxicants is likely to be coupled 

with an increase of their sensitivity towards other biotic and abiotic factors making it 

difficult to separate effects from contamination alone.  

Tropical environments are characterized by high temperatures and humidity which 

affect the nature and course of chemical reactions and the interactions between the 

biotic and abiotic components of the ecosystem (Murti 1989). These represent critical 

factors for the fate of pesticides, leading to an accelerated process of pesticide 

degradation (Sethunathan 1989), because under these conditions rates of 

physicochemical and biological degradation are higher. Biological processes include 

higher rates of uptake, detoxification and elimination, while physicochemical processes 

include higher volatilization and hydrolysis, both leading to degradation of pesticides on 

a short period of time (Castillo et al. 1997; Henriques et al. 1997). Moreover high 

temperatures may decrease the bioavailability of the contaminants through indirect ways 

such as oxygen depletion, impact of nutrients and suspended solids. Agro-systems 

studied in this work were characterized by high levels of suspended solids due to water 

pumping in and out of the channels. This may be especially important in explaining the 

results obtained since pesticides attached to suspended solids may not be able of 

penetrating chironomids cages. Other factors not monitored in this study may also 

reduce bioavailability in the same way that, for example humic acids reduced the 

toxicity of azinphos-methyl, chlorpyrifos and carbofuran in a bacterial bioluminescence 

inhibition assay (Benson and Long 1991), suspended solids reduced bioavailability of 

pyrethroids insecticides to Daphnia magna (Yang et al. 2006) and aquatic plants 

(macrophytes) have influenced on the fate and behaviour of toxics (Hand et al. 2001). 

Interaction between chemicals can also alter overall toxicity, as it is the case of 

inhibitors of the P450 enzymatic system such as piperonyl butoxide that decreases the 

toxicity of OP pesticides since they need to undergo reactions mediated by that 
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enzymatic complex in order to form more active metabolites (Ankley and Collyard 

1995).  

Although it is difficult to draw specific conclusions to explain the results obtained in 

this work, data on tropical toxicity support the idea that pesticide residues on aquatic 

environments are prone to suffer a quick degradation after spaying and/or suffer a quick 

drop in their bioavailability such that the bioavailable fraction may not be high enough 

to elicit responses on the parameters studied. Further works should consider the 

environmental fate of pesticides in these tropical aquatic systems to facilitate a greater 

understanding of the ecological effects of pesticides in the tropics. 

 

5.5. CONCLUSION 

The in situ bioassay developed in this study using K. kalligaster permitted the detection 

of deleterious effects, during the rainy season, on some farm channels receiving spray 

drift from pesticides application. However, the high rates of pesticides degradation in 

tropical conditions resulted in effects that were not always statistically significant. Main 

channels appear to be affected by various impacts other than pesticides. All endpoints 

tested showed to be suitable for the bioassay and inclusion of biomarkers measurements 

seemed to provide complementary information related to the type of pollutants present 

in the aquatic environment. 

This study demonstrated that the in situ bioassay developed is a useful tool on pesticide 

monitoring and emphasises the need to adapt methodologies applied in temperate 

countries before use their use with tropical organisms in tropical climates.  
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6. GENERAL DISCUSSION 

Kiefferulus calligaster was successfully cultivated in laboratory. Larval stages of K. 

calligaster and C. riparius are very similar and can not be distinguished by the naked 

eye. Differences between adults are more relevant since K. calligaster midges are 

smaller; males are green and females reddish while C. riparius adults are black (Chapter 

1). Although very similar in their morphology, the two species have different 

sensitivities toward some chemicals. The experiments performed suggest that K. 

calligaster is more resistant to the majority of pesticides tested (Chapter 1). This 

demonstrates the importance of performing in situ assays with local species instead of 

standardized species in order to confer ecological relevance to the study. In this work, 

performing in situ deployments with the standardized species C. riparius would have 

over-estimated the impact since this species is more sensitive towards certain toxics. 

 

The inclusion of biomarkers measurements in the assessment of pesticide contamination 

requires a good knowledge on the normal levels of enzymes activities and factors 

affecting them. The normal levels of ChE and GST activities calculated for 4th instar 

larvae were in the range of values that have been previously reported for non-exposed 

midges (Beauvais et al., 1999; Crane et al., 2002; Hirthe et al., 2001; Kheir et al., 2001; 

Olsen et al., 2001; Yuen and Ho, 2001) (Chapter 3, section 3.3.2). However, published 

work on chironomids indicate that in a field situation normal levels of enzymes can 

present high variability even amongst organisms in uncontaminated sites (e.g. Olsen et 

al., 2001) , thus is essential to understand influence of biotic and abiotic factors so that  

variability on field testing can be understood and consistent interpretation of the results 

can be achieved (Chapter 2, section 2.2).  

Variation related to larval stage was observed for both species studied (Chapter 3, 

section 3.3.2). In general, variation associated with biotic factors can be overcome by 

using homogeneous biological material in terms of age/size and general physiological 

condition of the organisms. This can be attained through the maintenance of a 

laboratory culture in controlled conditions following standard methods.  

 When trying to understand influence of abiotic factors previous works with 

chironomids emphasize temperature (e.g. Callaghan et al., 2002) and dissolved oxygen 

(e.g. Beauvais et al., 1999) as the most relevant, whilst information on other 

physicochemical parameters such as pH, conductivity, hardness is scarce in the 
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published literature. The effects of temperature and dissolved oxygen were tested for 

ChE and GST activities in K. calligaster (Chapter 3, section 3.3.3), however, only DO 

appeared to affect the activity GST. Nevertheless, cause-effect relationships may be 

complex. For instance, although temperature does not affect ChE activity it does affect 

growth rate of the larvae and consequently larvae length (size), thus affecting, 

indirectly, ChE activity.  

 

The ideal biomarker response would be modulated only by the environmental 

contaminants and not by physicochemical or biotic parameters. Moreover, it would 

exhibit a predictable behaviour towards certain types of toxics. Patterns of response of 

ChE and GST to the main classes of pesticides were reviewed (Chapter 2, Section 2.3) 

providing, particularly for chironomids, the following general conclusions: 

i) ChE demonstrates an immediate response to OPs and carbamates being inhibited 

in a dose dependent manner, (e.g. Callaghan et al., 2001; Choi et al., 2000; Sturm 

and Hansen, 1999). This was also the observed in the experiments performed with 

dimethoate (Chapter 3, section 3.3.4) and chlorpyrifos (Chapter 4, section 4.3.1) 

for both chironomid species tested. Under the action of other types of toxics like 

OCs ChE activity does not seem to be affected (e.g. Ibrahim et al., 1998; Maycock 

et al., 2003).  

ii) The response of GST to OPs is unclear; whilst some studies suggest a lack of 

response (Callaghan et al., 2001; Crane et al., 2002; Kheir et al., 2001) others 

suggest an increase on the activity although it is not related to concentration 

(Callaghan et al., 2002; Choi et al., 2000). In this work GST behaviour varied 

according to the three OP pesticides tested:  

• Under exposure to dimethoate, GST did not respond after 48h but was inhibited 

after 96h (C. riparius) (Chapter 3, section 3.3.4 and 3.3.5). This time-exposure 

dependent inhibition has also been observed in other invertebrate species 

(Steevens and Benson, 1999).  

• Under exposure to carbendazim an induction was observed after 6 days but not 

after 3 days (Chapter 4, section 4.3.3).  

• Under exposure to chlorpyrifos the behaviour was unclear with trends of 

increasing or decreasing in activity according to exposure time, concentration 

and the species tested (Chapter 4, section 4.3.1 and 4.3.2). It is difficult to make 

firm conclusions on other toxins as published studies are scarce. 



 
 
 

GENERAL DISCUSSION 

 

As previously described there are many biotic and abiotic factors likely to interfere with 

normal levels of ChE and GST activity. However, they can also interfere with toxicity 

of the pesticides, some of them affecting their bioavailability and degradation rates and 

others affecting toxic mechanisms and the susceptibility and sensitivity of the organisms 

(Figure 6.1). 

Of the abiotic factors influencing pesticides toxicity temperature plays an important 

role. The correlation between toxicity and temperature has been well established (Mayer 

and Ellersieck, 1988; Viswanathan and Murti, 1989) and assumes particular importance 

for ecotoxicity of tropical climates. Our data shows that chlorpyrifos LC50 decreased 

with temperature in K. calligaster, whilst no alteration on EC50 (ChE inhibition) values 

was observed (Chapter 4, section 4.3.1) meaning that relationship between ChE 

inhibition and mortality has to be determined on a case by case basis. Published 

literature also indicated a variable LC50/ EC50 rate according to different toxins (Chapter 

2, section 2.5). The use of ChE activity in   methodologies for risk assessment clearly 

demands a good knowledge of its relationship with other endpoints. This must be 

gained through experiments not only using local species but also using conditions 

representative of the local (tropical) environmental parameters.  

Overall toxicity depends not only on the existence of a toxic event but also on the 

“exposure scenario” where the duration and nature of the exposure (pulsed vs. 

continuous) have important roles. The experiments performed with chlorpyrifos and 

carbendazim (Chapter 4, section 4.3.2 and 4.3.3) indicate that ChE have a much more 

immediate response while the GST response is much more dependent on exposure 

duration. When exposed organisms are allowed to recover after a pulse, different 

behaviours were observed, such that ChE activities returned to normal levels when 

transferred to clean medium after exposure to chlorpyrifos but not after exposure to 

carbendazim and GST levels were still altered after chlorpyrifos exposure but returned 

to normal levels after carbendazim exposure. Published accounts (Chapter 2, section 

2.4) indicate that if enough time in clean medium is provided animals recover from the 

exposure (Kallander et al., 1997; Zhao and Newman, 2006) although complete recovery 

also depends on the resilience of the species, on the exposure time, type and dose of the 

chemical. Very often a population seems to have recovered when looking at behavioural 

endpoints but may still be affected according to reproductive and physiological 

parameters, increasing their susceptibility/ sensitivity of the species to a potential new 
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pulse. These aspects demonstrate the complexity of parameters involved on the final 

toxicity that have to be considered when performing an assessment of risk.  

 

 
Figure 6.1- Conceptual model of the factors affecting toxicity and biomarkers responses: Biotic 
and abiotic factors directly affect normal enzymatic levels but also interfere with sensitivity to 
the toxicant. 
 

Several biotic factors can be pointed out as factors interfering with sensitivity of the 

organism including the nutritional state, moulting period and age. When using 

biomarkers as a biomonitoring tool this is of particular concern since the same factors 

may, by themselves influence basal levels of enzymes activities. Experiments described 

in Chapter 4 (section 4.3.2 and 4.3.3) suggest higher sensitivity of younger larvae as it is 

generally apparent according to published data. Farmer awareness of the different 

sensitivities of organisms according to life stages would allow a correction of pesticides 

doses and application periods in order to optimize pesticide use. This could be achieved 

by aiming spraying at early life stages of pest organism where lower doses of chemical 

would be used posing less risk to non target organisms.  

 

The protocol for field deployments was adapted from that established for the 

chironomid C. riparius (Castro et al., 2003). Main changes introduced were related with 

the shorter life cycle of K. calligaster at 28ºC when compared with the life cycle of C. 

riparius at 20ºC (Chapter 3, section 3.3.1). Thus, exposure time was reduced from 6 to 4 

days and test organisms used on in situ exposure were 3-4 days old to avoid pupation 

during field exposure. As the previously established protocol for C. riparius was 
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designed for assessment of contamination of rivers in temperate climates some 

constraints and difficulties were found when using it on tropical agro-systems. These 

were mainly due to the different specificities of water bodies tested:  

 

Unlike rivers, channels on tropical agro-systems present almost no current which 

limited water flow through exposure chambers and oxygenation 

 

Steep margins were often observed posing difficulties on the placement of 

exposure sets 

 

Channels included in farming systems were subject to several types of activities 

that could not be disturbed (watering, seeding, harvesting, spraying) 

 

Water management practices can lead to big and sudden changes on channels 

water levels 

 

Due to the lentic nature of channels sediments size was very small. When using 

this kind of sediment on chironomid in situ assay, retrieving of test animals was 

impossible. Thus, laboratory  sediment was used instead 

 

Unlike rivers where a site upstream of the contamination source can be used as a 

reference, in these tropical agro-systems the choice of a reference site was very 

difficult. This is because farms where no pesticides are used are hard to find and 

moreover a network of channels link adjacent farms making non-impacted areas 

difficult to identify.  

 

 

In situ testing performed in the village of Kokprajadee constituted a first step towards 

understanding the tropical ecotoxicology of chironomids. The close relation between 

spraying areas in vegetable farms and water channels and the dependence of populations 

on these areas highlights the need to gain knowledge on the impact of pesticide use. In 

situ assays described in Chapter 5 show that the protocol developed and the local 

species chosen were suitable for in situ deployment. Moreover, seasonality in terms of 

impact was observed, since more clear effects on the endpoints studied were observed 

during rainy season. It is likely that these differences are due to different rates/doses of 

pesticides applied rather than due to seasonal differences in the physicochemical 

parameters of the water. Preliminary data from the project indicate that doses of 

pesticides applied are higher on the rainy season due to the perception of rain washing 

out pesticides from plants and soils (MAMAS-project, 2003).  
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Differences between channels types (Chapter 5, section 5.3) indicate that main channels 

(channels located outside farms, supplying water to farm channels or receiving excess 

of water from farms during rainy season) may be highly impacted since survival rates of 

zero were found at some sites. However, pesticide contamination alone can not account 

for all toxicity since such acute effects were not observed in farm channels which were 

located much closer to spraying areas, thus effects appeared to be related with other 

impacts (e.g. domestic activities, eutrofication). 

In farm channels (channels surrounding cultivation plots and directly receiving 

pesticides residues through spray drift and runoff) pesticide contamination was evident 

in one farm only (S2). Significant effects were in general difficult to identify due to the 

high variability of data. Pesticides entering aquatic environments in tropical conditions 

are likely to quickly disappear from the water column due to a rapid decrease in their 

bioavailability due to adsorption by other components in the aquatic system such as 

suspended solids, aquatic plants, sediment, organic matter and other aquatic organisms 

or due to a rapid degradation (high temperature leads to higher rates of volatilization 

and hydrolysis) (Castillo et al., 1997; Fleming et al., 1995; Henriques et al., 1997; 

Sethunathan, 1989). In a laboratory experiment with chlorpyrifos, concentration of the 

pesticide in the water column was reduced by 66% after 3 days of exposure at 28ºC 

(unpublished data). As it is plausible to expect a similar behaviour under field 

conditions, elapsed time since last spraying event becomes an important parameter in 

the planning of field bioassays. However, performance of bioassays according to 

application dates proved to be a difficult task because of the uncertain schedule of the 

farmers which depends on various factors such as weather conditions. 

 

ChE response in in situ testing did not indicate a great risk of pesticide contamination. 

Furthermore, sensitivity of this biomarker was no higher than the sensitivity of 

developmental endpoints (study sites where a significant depression of cholinesterase 

was found, presented an inhibition of body growth as well). The in situ studies reported 

in literature investigating the effects of OP and carbamates in invertebrates indicate that 

a clear response of ChE has only been obtained for events more likely to constitute an 

acute pulse of pesticide contamination (section 2, section 2.8), as was the case for the 

die-off of the mussel Elliptio complanata reported by Fleming et al. (1995); application 

of fenitrothion on Ebro Delta irrigation channels affecting the crayfish Procambarus 

clarkii (Escartin and Porte, 1996) and the use of malathion on watercress beds affecting 



 
 
 

GENERAL DISCUSSION 

the Gammarus pulex (Crane et al., 1995). The use of ChE as an early warning signal for 

contamination seems to be compromised in field situations since the high sensitivity of 

enzymes means not only greater sensitivity to low doses of contaminants but also to 

abiotic factors. This means that for low-level impacts, effect of contaminants and other 

factors may be difficult to discriminate. 

 

The response pattern of GST may be more difficult to interpret because it responds 

differently according to the toxicant (which makes it hard to analyse when a cocktail of 

pesticides and other types of contaminants are present). Moreover GST may need a 

minimum exposure time before a response is elicited (Gowland et al., 2002; Kaaya et 

al., 1999; Moreira and Guilhermino, 2005). The duration of the performed bioassay (4 

days) may not have been long enough; however, increasing the test duration would have 

been risky as younger larvae would have had to be used to avoid pupation. The use of 

younger larvae (2nd instar) in field assays poses several problems since they are fragile 

and likely to dye in the process of transport to the field and placement in the exposure 

chambers. In literature (Chapter 2, section 1.8), some in situ studies using invertebrate 

GST activity as an indicator of organic pollution were able detect an increase of GST 

activity (Bebianno et al., 2004; Porte et al., 2000) while others could not (Munawar et 

al., 1989). A better knowledge of the different isoenzymes present in chironomids 

larvae and their various responses are required to refine the use this enzyme as 

biomarker for in situ testing. The use of a battery of biological tests incorporating 

different trophic levels (Vidal et al., 2001) and a multi-biomarker approach where the 

response of several biomarkers are analysed (Beliaeff and Burgeot, 2002) has been 

recommended as the most effective method for minimizing uncertainties surrounding 

environmental toxicity. 
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7. CONCLUSION AND FINAL REMARKS 

The main aim of this work was to improve the scientific knowledge about the 

environmental effects of pesticides in tropical countries, like Thailand, and to know to 

what extent temperate methodologies and knowledge can be extrapolated and/or applied 

to such environments. 

The local species selected for this work, and the in situ assay developed to assess the 

environmental impact of pesticides used in vegetable farms, were used successfully. 

However, there were some difficulties with the interpretation of data due to the 

existence of confounding effects. The existence of deleterious effects caused by 

pesticides use was not obvious for all sites tested. This may be due to physicochemical 

parameters interfering with sensitivity of endpoints, conferring high variability of data 

and turning difficult to discriminate effects or due to a rapid disappearance of pesticides 

from the water column due to specific environmental conditions of tropical aquatic 

agro-systems. Further studies of these systems should also address the fate of pesticides 

in the aquatic environment, including factors affecting bioavailability in the water 

column, so that consistent conclusions can be made. Water chemistry, including the 

quantification of pesticides present, is an important complement to the biological 

approach that should be included in further research studies.  

Another challenge of the present work was to assess the use of enzymatic measurements 

(biomarkers) as tools to quickly and efficiently evaluate pesticide impact in tropical 

water bodies. Laboratory and field work indicated that cholinesterase activity can be 

successfully used as indicator of organophosphate and carbamate contaminants although 

a better knowledge has to be gained on confounding factors resulting in environmental 

variability. Glutathione S-transferase showed to have an irregular pattern of response in 

chironomids and thus, further research is needed so that this enzyme can be used in risk 

assessment since opposite behaviour of different type of GST can result in no 

observable effects. Biomarkers are useful endpoints to assess pesticide impact only if 

they are integrated into a battery of other ecologically relevant endpoints.  
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APPENDIX 1: TROPICAL CHIRONOMID KIEFFERULUS CALLIGASTER 

CULTURE AND MAINTENANCE 

(i) PURPOSE: 
Standardisation of the procedure for the culture and maintenance in tropical conditions of Kiefferulus 
calligaster. 
 
(ii) SCOPE: 
To be applied in the culture and maintenance of Kiefferulus calligaster. 
 
(iii) REFERENCES: 
 
ASTM (2000). Test methods for measuring the toxicity of sediment-associated contaminants with 

freshwater invertebrates. E 1706-00. In Annual Book of American Society for Testing and 
Materials Standards. ASTM, Philadelphia, USA. 

OECD (2000). Guidelines for testing of chemicals-proposal for a new guideline 219. Sediment-water 
chironomid toxicity test using spiked water. Draft document, OECD, Paris. 

USEPA (2000). Methods for measuring the toxicity and bioaccumulation of sediment-associated 
contaminants with freshwater invertebrates. 2nd edn, EPA 600/R-99/064. 

 
(iv) PROCEDURE: 
 
Materials 
Kiefferulus calligaster egg masses 
Plastic boxes  
Fine sand 
Sucrose 
ASTM hard water 
Fish flake food (TetraMin®, TetraWerke, Germany) 
Glass beakers 
Pasteur pipette 
1 culture unit (see Figure 1) 
Incubation room at 28 ± 2°C, with a 12hL: 12hD photoperiod  
Aeration system with air filters (FP 30/0,2 CA-S, Schleicher & Schuell®, Germany) 
 
Methods 
 
1-Culture facilities 
K. calligaster larvae are reared in plastic boxes sized approximately 15x10x10 cm but other type of 
containers is also suitable. Fine sand is used as subtract and spread in a 1 cm layer over the bottom of the 
container. ASTM hard water or other dilution water is added till 5 cm height. Avoid air bubbles stuck in 
the sediment by stirring it with a plastic pipette. Medium losses through evaporation must be watched out 
and some ASTM added when necessary. Gentle aeration must be provided to avoid oxygen depletion. 
Larval rearing containers are held in a cage that prevents adults to escape. The cage must be large enough 
to allow swarming of emerged adults. 
 
2-Culture conditions 
Cages are held at temperature of 28 ± 2 ºC and natural photo period (± 12L: 12D).  
 
3-Maintenance 
3.1-Egg masses must be held in a glass beaker containing 150 to 200ml of culture water until hatching 

(after 1 to 2 days). There is no need to feed until then. 
3.2-Larvae hatched from one egg mass should be placed in one culture box and fed with 2 ml of 

TetraMin® suspension. (TetraMin® suspension is done by blending 1 g of TetraMin®  with 20 ml of 
ASTM). Organisms must be fed each 2 days or according to the need (animals in the water column or 
at the surface means food has to be add, cloudy medium means excess of food).  Water lost by 
evaporation must be replaced and aeration must be constant. The culture unit should be maintained 
very clean to avoid bacterial and fungal development. 
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3.3-Larvae will reach 3rd instar in 3 to 4 days and might start to be over crowded in the culture box. Two 
new culture boxes must be set up and larvae divided and transferred to the new units.  

3.4-Pupation stage must occur in 9 days and last for one day. A beaker with approximately 300 ml of 
ASTM must be placed in the culture unit for egg masses deposition by adults. A “sucrose flower” 
(folded paper soaked in saturated sucrose solution) can be used to feed adults. 

3.5-Adults will emerge by day 10 (females are reddish and males are green with plumose antennae). 
Culture boxes must be checked daily for deposition of gelatinous egg-masses which must be removed 
with a plastic Pasteur pipette, held in a glass beaker with ASTM and used to restart the culture. 

 
 

3 

2 

1

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1- Culture unit made of acrylic (not drawn to scale). 
 
Legend: 
1 – Holes (12 cm diameter) covered with 100 μm nylon mesh, for airflow. 
2 – Holes (20 cm diameter) covered with a piece of stockings closed with a string, to allow access to the 
inside of the culture unit. 
3 – Small hole (8 cm diameter) for passing the tubes of aeration system, covered with white tape. 
 Note: white thermal glue, chemically composed of 50% ethylene-vinyl-acetate copolymer,  
45% synthetic hydrocarbon and 5% polyethylene wax (Elis-Tawain, Tawain, TN122/WS), was used for 
fixing all acrylic parts and nylon meshes. Stockings were fixed with white tape. 
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APPENDIX 2: IN SITU GROWTH ASSAY FOR THE MIDGE KIEFFERULUS CALLIGASTER 

 
(i) PURPOSE: 
Standardisation of the procedure for deployment and processing of in situ Kiefferulus calligaster growth 
assay. 
 
(ii) SCOPE: 
To be applied in in situ growth assays utilising K. calligaster, in lentic systems and in lotic systems with a 
current velocity smaller than 0.5 m/s and in locations with a water column not deeper than 0.6 m 
 
(iii) REFERENCES: 
Castro BB, Guilhermino L & Ribeiro R. In situ bioassay chambers and procedures for assessment of 

sediment toxicity with Chironomus riparius. Environ Pollut. 
Zar JH (1996). Biostatistical Analysis, 3rd edn. Prentice-Hall Inc., NJ, USA. 
 
(iv) PROCEDURE: 
 
MATERIALS 
 
Materials for deployment (per farm) 
2 sets of 6 assay chambers (one set per location) (see Figure 1, Appendix) 
2 holding structures (see Figure 2, Appendix)  
Fine sand (sieved though a 1mm mesh) 
6 × 60-ml capped glass vials 
1500 ml ASTM water 
200× 4-day old larvae of K. calligaster (10 larvae in each chamber) 
3-ml plastic pipette 
1 syringe 
1 cool box 
Tetramin 
 
Materials for assay termination 
Field: 
2 bucket with lid 
  
Lab: 
1 tray 
12x 60 ml glass vials 
12x 5 ml plastic tubes with conservative solution or 70% ethanol 
Labels 
1x 3 ml plastic pipette  
1- L wash bottle 
 
 
METHOD 
 
Method for deployment 
 
At the field site at day -1 
1. Fill the assay chambers with fine sand until it stays approximately half of their height. 
2. Fix the net top of the chamber with the elastic band. 
3. Hold each of the 6 assay chambers to a holding structure. 
4. Place each of the holding structures at the site. 
5. Make a knot in each assay chamber 2-m long tube, 20 cm from the top end. 
6. Tie the 2-m long tubes to the margin. 
 
Still in the laboratory, on the deployment day (day 0) 
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1. Fill 60-ml capped glass vials with 50 ml ASTM each. 
2. Transfer the larvae to each of the 60-ml glass vials, using the 3-ml plastic pipette. 
3. Preserve minimum 30 larvae in ethanol 70% or conservative solution to calculate initial body length 

and capsule width. 
4. Screw the lid on ready for transport to field, inside the cool box. Minimum disturbance of these glass 

vials is desirable during transportation 
 
At the field site, on the deployment day 
1. Transfer 10 larvae into each assay chamber thought the 2-m long tube, using the plastic pipette. 
2. Pour local water through the 2-m long tube, with the help of the syringe, in order to push the larvae 

until they reach the assay chamber. 
3. Feed the animals (2ml of a solution made of 1g of tetramin and 80ml of ASTM) 
4. Animals are exposed in situ for 96 hours. 
 
 
Method for assay termination  
 
At the field site, at day 4 
1. Put the chambers on the buckets filled with local water (enough to cover the sediment in the 

chamber) and carry them to the lab as quick as possible. 
 
In the laboratory, at day 4 
2. Gently pour the content of each assay chamber to the plastic tray, and rinse the interior of the 

chamber with the help of the wash-bottle (filled with local water) to remove organisms stuck in the 
chamber. 

3. Collect the 10 larvae using the 3-ml plastic pipette and place them in the 60- ml glass vial filled with 
local water.  

4. Preserve organisms in 70% ethanol for further measurements. If any biomarkers analysis is to be 
done conserve organisms in the respective buffer solution in eppendorfs tubes and keep in the 
freezer. All the tubes should be conveniently labelled.  
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Figure 1- Chironomidae assay chamber (constructed with acrylic tube and a 200-µm nylon mesh; not 
drawn to scale). 
 
Legend: 
A – Main chamber. 
B – Top view. 
C – Side view. 
1 – 2-m long transparent plastic tube 
2 – Elastic band (1 cm width). 
3 – 200-μm nylon mesh. 
4 – Main chamber. 
 Note: white thermal glue, chemically composed of 50% ethylene-vinyl-acetate copolymer,  
45% synthetic hydrocarbon and 5% polyethylene wax (Elis-Tawain, Tawain, TN122/WS), was used for 
fixing nylon meshes to the lateral openings and for fixing the plastic tube to the mesh cover. 
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Figure 2- Chironomidae structure for holding the assay chambers (constructed using a basket of metal 
wire covered by plastic; not drawn to scale). 
 
Legend: 
A – Front view. 
B – Top view. 
1 – Metal ring covered by plastic. 
2 – Plastic band (8 mm diameter, 45 cm length). 
3 – 2 elastic bands (3 mm width). 
4 – Window opened to insert an assay chamber. 
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APPENDIX 3: TROPICAL CHIRONOMID KIEFFERULUS CALLIGASTER 48H ACUTE 

TOXICITY TESTING 

 
(i) PURPOSE: 
Standardisation of the procedure for acute toxicity testing using the midge Kiefferulus calligaster. 
 
(ii) SCOPE: 
To be applied in acute toxicity tests with Kiefferulus calligaster. 
 
(iii) REFERENCES: 
 
USEPA (1996), Ecological Effects Test Guidelines, OPPTS 850.1726 Whole Sediment Acute Toxicity 

Invertebrates, Freshwater. 
USEPA (1996). Ecological Effects Test Guidelines, OPPTS 850.1010 Aquatic Invertebrate Acute 

Toxicity Test, Freshwater Daphnids. 
 
(iv) PROCEDURE: 
 
Summary of the test 
 
The purpose is the determination of dose-response curves and the 24- and 48- hours EC50 values for a 
certain toxic and organism. It is a static system test where test chambers are filled with appropriate 
amount of dilution water and chemical introduced in each treatment chamber. Third instar K. calligaster 
larvae cultivated in lab conditions are randomly added to the system and checked periodically for 
mortality. No sediment, aeration or food is present. Test starts when half of the organisms are placed in 
the exposure chambers and lasts for 48h. 
Water quality parameters (DO, pH, Temperature and conductivity) are measured in the beginning and at 
the end of the test. 
  
 
Materials 
 
Kiefferulus calligaster 3rd instar larvae 
Dilution water (ASTM hard water) 
Test chemical stock solution 
Exposure chambers (Glass beakers) and covers 
Plastic bulb pipettes 
Graduated cylinders (50ml, 100ml, 250ml and 1L) 
Beakers for chemical solution measurements 
Automatic pipette (100μl and 1000μl) 
Waste containers 
Gloves 
pH, DO and conductivity meter 
 
 
Methods
 
Range finding test 
1. If no data is available concerning to toxicity of test chemical to chironomids a toxicity range-finding 

test must be performed. 
2. Groups of five organisms (3rd instar larvae) are exposed to several widely-spaced toxic 

concentrations (e.g. 1, 10, 100 mg/L) and a control for 24h or 48h. 
3. No replicates are required and nominal concentrations of the chemical are acceptable. 
4. Concentrations to be used in the definitive test must be established based on obtained results. 
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Definitive test 
1. Testing chambers: any 500-1000ml glass beakers are suitable to perform the test. Test chambers 

should be covered to reduce losses due to evaporation and to minimize the entry of dust into the 
solutions. 

2. Dilution water: ASTM hard water is used (500ml per beaker) 
3. Toxic solution:  

A series of minimum 5 concentrations (including a control) should be used.  
Different concentrations toxic solutions are made by serial dilutions: highest concentration solution is 
prepared, used for filling highest concentration test chambers and certain amount of the left over is 
diluted to make next concentration. This step is repeated until lowest concentration is reached. 
Minimum of 200ml of the stock solution (or highest solution) must be retained to chemical analysis. 

4. Number of replicates and number of organisms per replicate: a minimum of 3 replicates are used and 
10 organisms per replicate are exposed. 

5. Test organisms:  
3rd instar K. calligaster larvae are exposed.  
As animals tested come from lab culture no acclimation period is needed.  
Test organisms should be impartially distributed among test chambers: using a wide bore organisms 
are pipetted and gently expelled below the medium surface. 

6. Test conditions: test duration is 48 h; Temperature: 28±1 ºC; Photoperiod: 16hL: 8hD. 
7. Test monitoring: mortality is checked at 24h (dead animals removed from the system) and 48h. Any 

abnormal behaviour or appearance of organisms is also recorded.  Water quality parameters 
(dissolved oxygen concentration, temperature, pH and conductivity) measured at the beginning and 
end of the test.  

8. Test end: test end after 48 hours, water quality parameters are measured and animals checked for 
mortality or immobilization (an organism is considered dead if shows no movement after being 
touched with a prodder). 

9. Test validation: the test in unacceptable if more than 10% of the control organisms are dead or 
temperature variation is greater than 2ºC. 
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APPENDIX 4: DETERMINATION OF CHOLINESTERASE ACTIVITY IN KIEFFERULUS 

CALLIGASTER LARVAE 

 
(i) PURPOSE: 
Standardisation of the procedure for determination of cholinesterase activity in the midge Kiefferulus 
calligaster. 
 
(ii) SCOPE: 
A photometric method for determining cholinesterase (ChE) activity of tissues extracts/ homogenates of 
3rd to 4th instar larvae of K. calligaster. 
 
(iii) REFERENCES: 
Ellman, G.L.; Courtney; D.; Andres, Jr, V.; Featherstone, R.M. 1961. A new and rapid colorimetric 

determination of acetylcholinesterase activity. Biochem. Pharmacol. 7:88-95. 
Herbert, A.; Guilhermino, L.; DA Silva de Assis, H.C.; Hansen, P.-D. 1995/96. AChE-activity in aquatic 

organisms as pollution biomarker. Zeitschrift f. Angewandte Zoologie 3:1-15. 
 
(iv) PROCEDURE: 
 
MATERIALS 
 
pH meter 
Homogenizer 
Glass beakers 
Microplates (96 wells) 
Miccroplate reader 
Automatic pipettes (20, 200 and 1000 µl) 
Multicanal pipette 
Ultra pure water 
Refrigerated centrifuge 
Ice 
Tray 
 
Reagents:  
K2HPO4 (Merck 5101),  
KH2PO4 (Merck 4873),  
Acetylthiocholine iodide, C7H16INOS (Sigma A-5751),  
5, 5’-Dithiobis (2-nitrobenzoic acid) (DTNB), C14H8N2O8S2 (Sigma D-8130),  
Sodium hydrogen carbonate, CHNaO3 (Merck 6329),  
Bio-Rad Reagent,  
γ-bovine globulins        
 
Solutions: 
Phosphate buffer, 0.1M, pH=7.2 Prepare one solution 0.1M (17.42 g/L) of K2HPO4 and another 0.1M 
(13.6 g/L) of KH2PO4 in ultra-pure water. Mix small amounts of the 2 solutions until reach pH= 7.2 
Acetylthiocoline 0.075 M (108.35 mg of Acetylthiocholine iodide in 5 ml of ultra pure water) 
DTNB 10 mM (19.8 mg of DTNB in 5 ml of phosphate buffer with 7.5 mg of Sodium hydrogen 
carbonate) 
Reaction solution: 30 ml of phosphate buffer + 0.2 ml of acetylthiocholine solution + 1 ml of DTNB 
solution) 
Bio-Rad diluted solution: 24 ml of ultra pure water + 6 ml of Bio-Rad reagent. 
Protein standard stock solution: 0.5 mg/ml of γ-bovine globulins (solution can be distributed in aliquots in 
eppendorfs tubes and frozen). 
 
SUMMARY OF THE METHOD 
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Acetylthiocoline is degradated by AChE in acetate and thiocoline. The latest reacts with 
dithiobisnitrobenzoate (DTNB) producing a yellow colour.  The rate of colour production can be 
measured at 414 nm allowing the determination of the activity. 
 
METHOD: 
 
1-Preparation of biological material: 
1. Organisms to be analyzed should be at least 3rd instar larvae chironomids and should be placed 

individually in eppendorfs with 1ml phosphate buffer and if analysis is not to be immediately 
performed should be deep-frozen. 

2. A homogenate should be prepared keeping during the process the eppendorfs in ice to avoid 
degradation of the biological material. 

3. Centrifuge samples in a refrigerated centrifuge at 6000 rpm for 5 min. 
4. Prepare reaction solution and Bio-Rad diluted solution according with point 2. 
 
 
2-Enzymatic assay: 
1. Leave 1st column of micro plate empty 
2. Pipette 0.250ml of reaction solution to one column of the micro plate (blanc) 
3. Make 4 replicates per treatment: pipette 0.050 ml of sample and add 0.250 ml of reaction solution. 

Wait 10 min. Read at 414 nm. Wait 5 minutes and read second time. Wait 5 min, read 3rd time. 
 
 
3-Determination of protein content in samples 
1. Standards (prepared from the protein standard stock solution) 

0.010 ml of ultra pure water + 0.250 ml of Bio-Rad solution 
0.008 ml of ultra pure water + 0.002 ml of stock solution + 0.250ml of Bio-Rad 
0.005 ml of ultra pure water + 0.005 ml of stock solution + 0.250 ml of Bio-Rad 
0.010 ml of stock solution + 0.250 ml of Bio-Rad 

2. Samples 
Pipette 0.010 ml of each sample; add 0.250 ml of Bio-Rad solution. Wait 15 min. Read at 595 nm. Dilute the samples if too

 
 
4-Calculations 
4.1-Protein determination: A linear regression is performed with values of standards (y) and obtained 
observances (x). Apply the line equation obtained to data: y (protein concentration) =m (“x variable”) x 
x(abs) + b (“intercept”) 
 
(prc)= Protein concentration (mg/ml of sample) = [“intercept”+ (“x variable” x abs] x100 
 
Note: make the necessary adjustments in the case of dilution of the samples. 
 
4.2-Activity determination: All absorbance values are multiplied by 1000.  
Change in absorbance is calculated: 
 
(a) For samples: (abs15min-abs10min) 
(b) For reagents (1st column): (abs15min-abs10min) 
 
Change in absorbance/min is: 
 
(c)= [(a)-(b)]/5 
 
Activity (nanomol/ml/mg prot/min) is: 
 
Cte x (c)/ (prc) 
 
Where Cte =1/ [13.6x0.9x (50/300)] 
 
(13.6 is the extinction coefficient for DTNB at 141 nm; 0.9 is the diameter of microplate well; 50/300 is 
the factor for dilution of the sample) 
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APPENDIX 5: DETERMINATION OF GLUTATHIONE S-TRANSFERASE ACTIVITY IN 

KIEFFERULUS CALLIGASTER LARVAE 

(i) PURPOSE: 
Standardisation of the procedure for determination of glutathione S-transferase activity in the midge 
Kiefferulus calligaster. 
 
(ii) SCOPE: 
A photometric method for determining glutathione S-transferase (GST) activity of tissues extracts/ 
homogenates of 3rd to 4th instar larvae of K. calligaster. 
 
(iii) REFERENCES: 
Booth, L.H.; Heppelthwaite, V.; McGlinchy, A. (2000). The effect of environmental parameters on 

growth, cholinesterase activity and glutathione S-transferase activity in the earthworm 
(Apporectodea caliginosa). Biomarkers, Vol 5, 46-55 

Bradford, M. 1976. A rapid and sensitive method for the quantification of microgram quantities of protein 
utilizing the principle of protein-dye binding. Annals of Biochemistry 

Habig, W.H.; Jakoby, W.B. (1981). Assays for differentiation of glutathione S-transferase. In Methods in 
Enzymology, Vol 77, pp 398-405. Academic Press. 

 
 (iv) PROCEDURE: 
 
MATERIALS 
 
pH meter 
Homogenizer 
Glass beakers 
Microplates (96 wells) 
Miccroplate reader 
Automatic pipettes (20, 200 and 1000 µl) 
Multicanal pipette 
Ultra pure water 
Refrigerated centrifuge 
Ice 
Tray 
 
Reagents:  
K2HPO4 (Merck 5101),  
KH2PO4 (Merck 4873),  
Glutathione (sigma G-6529) 
CDNB (C6H3CIN2O4) (sigma C-6396) 
Ethanol (C2H5OH) 
Bio-Rad Reagent,  
γ-bovine globulins (sigma G-5009)  
 
Solutions: 
Phosphate buffer, 0.1M, pH=7.2 Prepare one solution 0.1M (17.42 g/L) of K2HPO4 and another 0.1M 
(13.6 g/L) of KH2PO4 in ultra-pure water. Mix small amounts of the 2 solutions until reach pH= 6.5. 
Solutions must be stored in the fridge. 
Glutathione (0.0031g of glutathione in 1ml of phosphate buffer; keep in the fridge or in ice) 
CDNB (dissolve 0.0122g of CDNB in 1 ml of ethanol; keep in the fridge or in ice) 
Reaction solution: Add 4950 µl of phosphate buffer to 150 µl of CDNB and 900 µl of glutathione. 
Bio-Rad diluted solution: 24 ml of ultra pure water + 6 ml of Bio-Rad reagent. 
Protein standard stock solution: 0.5 mg/ml of γ-bovine globulins (solution can be distributed in aliquots in 
eppendorfs tubes and frozen). 
 
SUMMARY OF METHOD: 
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Enzyme glutathione S-transferase catalyzes the reaction between CDNB and Glutathione to produce a 
thioether. The formation of this product can be measured at 340 nm by an increase of absorbance with the 
time. 
 
METHOD: 
 
1-Preparation of biological material: 
1. Organisms to be analyzed should be at least 3rd instar larvae chironomids. Should be placed 

individually in eppendorfs with 1ml phosphate buffer and if analysis is not to be immediately 
performed should be deep-frozen at -80ºC (not longer than 2 weeks). 

2. A homogenate should be prepared, keeping during the process the eppendorfs in ice to avoid 
degradation of the biological material. 

3. Centrifuge samples in a refrigerated centrifuge (4ºC) at 9000g for 20 min. 
4. Prepare reaction solution and Bio-Rad diluted solution according with point 2. 
 
2-Enzymatic assay: 
1. Leave 1st column of micro plate empty 
2. Pipette 100 µl of phosphate buffer and 200 µl of reaction solution to the second column of the micro 

plate (blanc). 
3. Make 4 replicates per treatment: pipette 100 µl of sample and add 200 µl ml of reaction solution to 

each well (this step should be done as quickly as possible using a multicanal pipette). Read 
absorbance at 340 nm each 20 seconds during 5 min. 

 
3-Determination of protein content in samples 
1. Standards (prepared from the protein standard stock solution) 

0.010 ml of ultra pure water + 0.250 ml of Bio-Rad solution 
0.008 ml of ultra pure water + 0.002 ml of stock solution + 0.250ml of Bio-Rad 
0.005 ml of ultra pure water + 0.005 ml of stock solution + 0.250 ml of Bio-Rad 
0.010 ml of stock solution + 0.250 ml of Bio-Rad 

2. Samples 
Pipette 0.010 ml of each sample; add 0.250 ml of Bio-Rad solution. Wait 15 min. Read at 595 nm.  
Dilute the samples if too concentrated. 

 
4-Calculations 
 
4.1-Protein determination: A linear regression is performed with values of standards (y) and obtained 
observances (x). Apply the line equation obtained to data: y (protein concentration) =m (“x variable”) x 
x(abs) + b (“intercept”) 
 
(prc)= Protein concentration (mg/ml of sample) = [“intercept”+ (“x variable” x abs] x100 
 
Note: make the necessary adjustments in the case of dilution of the samples. 
 
4.2-Activity determination: 
 
Within the 5 min of measurements look for the interval where the rate of production of colour is constant 
(higher R2). Calculate slope (U) of the line in that interval. 
 
Activity (nanomol/ml/mg prot/min) is: 
 
Cte x (U) x1000/ (prc) 
 
Where Cte =1/ [9.6x0.9x (100/300)] 
 
9.6 is the extinction coefficient for thioether at 340 nm 
0.9 is the diameter of microplate well 
100/300 is the factor for dilution of the sample 
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