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Abstract 

 

Abattoirs are critical components of the global food supply chain as they provide essential resources 

for populations worldwide. However, the environmental footprint of these facilities, particularly 

through the generation of effluent, poses significant challenges to sustainable water management 

and environmental conservation. Abattoir effluent is distinguished by its high biological load, which 

refers to the concentration of organic materials including stomach content, blood, and large amounts 

of fats, oils, and grease (FOG). While the physicochemical properties of abattoir effluent have been 

extensively studied, little is known about the microbial diversity within the effluent. This knowledge 

gap represents a critical barrier to understanding the full environmental and health implications of 

abattoir effluent discharge, especially in regions where it is released into municipal sewer systems 

without adequate pre-treatment. 

 

Understanding the microbial constituents of abattoir effluent can inform targeted interventions to 

remove harmful pathogens and reduce the organic load, thereby alleviating the burden on municipal 

wastewater treatment systems. Ensuring compliance with existing municipal by-laws and regulatory 

standards that govern effluent discharge is also important in alleviating this burden. This study aimed 

to construct a detailed profile of the microbial diversity present in red meat abattoir effluent by 

focusing on both genomic and metabolic capabilities as well as physicochemical compliance with 

local regulatory standards.  

 

The sampling site was a high throughput red meat abattoir in Bloemfontein, Free State. An abattoir 

is considered to have a high throughput if it processes more than 20 units daily, with the unit count 

based on the type of animal slaughtered. Red meat abattoirs are facilities where various animals 

such as cattle, sheep, pigs, or horses are slaughtered. Daily sampling was performed for 10 

consecutive days by collecting composite samples from the pipe through which effluent was 

discharged into the sewer system. Physical and chemical parameters were considered significant 

when characterising the abattoir effluent environment were analysed. Community Level Physiological 

Profiles (CLPP) were constructed using BioLog EcoPlate sole-carbon substrate utilisation analysis 

while culturable bacteria and fungi were quantified. Enumerations of total microbial load, Escherichia 

coli (E. coli), Pseudomonas aeruginosa, Enterobacter aerogenes, and yeast and mould were 

performed using rich (Nutrient) and/or selective agars (Harlequin®, Nutrient Agar and Rose Bengal 
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Chloramphenicol). The genetic diversity was determined through 16S- and ITS-targeted 

metagenomic sequencing on the Illumina MiSeq platform.  

 

Physicochemical parameters indicated 37.5% non-compliance with the Mangaung effluent discharge 

limits. Non-compliance was attributed to high levels of solids, mostly volatile, high chemical oxygen 

demand (COD) due to the organic loads as well as high alkalinity levels. The environment had a 

neutral pH and low EC levels that were within the Mangaung effluent discharge limits while sufficient 

levels of dissolved oxygen (DO) were also detected. The temperature profile was consistent 

throughout ranging between 24°C-28ºC. Nutrients such as phosphate, total organic carbon (TOC), 

sulphate, and chloride were also detected at levels that were within the discharge limits.  

 

As expected, high microbial loads were noted, with bacteria being the more dominant 

microorganisms compared to fungi. Bacterial coliforms, Pseudomonas aeruginosa (8.04×105 

CFU.mL-1), Enterobacter aerogenes (1.18×105 CFU.mL-1) and E. coli (2.78×104 CFU.mL-1) were 

present. Low counts of yeast (5.32×103 CFU.mL-1) and mould (7.10×101 CFU.mL-1) were observed. 

CLPP displayed an abundant, diverse, and functionally active community. Simpson index (0.962) 

measurements displayed diversity, the evenness index (0.97) depicted the presence of an 

abundance of species, and the average well colour development symbolised a functionally active 

consortium. The CLPP showed consistency amongst all the sample days. The relative abundance 

of metabolic activities was related to polymer, carbohydrate, and amino acid category metabolism. 

Glycogen and L-asparagine were the most utilised substrates while 2-hydroxy benzoic acid and α-

ketobutyric acid were not utilised. 

 

The taxonomic bacterial and fungal biodiversity showed a broad similarity. Bacterial diversity showed 

consistent dominance of Bacteroidetes, Firmicutes, and Proteobacteria phyla. Genus richness varied 

in dominance distribution, with Acinetobacter, Bacteroides, and Rikenellaceae_RC9_gut_group 

being the most abundant genera with the dominance varying for each sample. Dominant fungal phyla 

were either Ascomycota or Neocallimastigomycota. Basidiomycota appeared in small, varied levels 

for each sample. The distinctive presence of Mucoromycota was observed on days when pigs were 

slaughtered, which deviated from the normative microbial composition encountered during the other 

sampling days, thus signifying an exception within the microbial community dynamics. The fungal 

community was dominated by a particular genus in each sample, namely Neocallimastix, 

Caecomyces, and Ciliophora respectively.  
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Both the culture-dependent and culture-independent analyses of the microbial content yielded 

noteworthy findings that indicated an exceptional degree of uniformity across all sample days. The 

calculated similarity rate ranging from 96-98% highlighted a distinct resemblance in microbial 

diversity among the samples. The effluent consistently exhibited a comparable microbial content 

except for sample day 6 phylum discrepancies, which accounted for the 2-4% difference in the 

similarity rate calculated. These findings strongly indicate a substantial overlap in microbiomes 

between the meat, stomach content, and hide of different animals, suggesting a commonality in the 

microbial species present in the effluent. 

 

Given the limited information available on the microbial diversity of abattoir effluent, this research 

filled a significant gap in the environmental science and public health domain as it was able to 

contribute significant knowledge of the complex microbial ecosystems within abattoir effluent. The 

findings could pave the way for innovative treatment strategies using indigenous microbes and may 

thus contribute to more sustainable abattoir effluent discharge practices.
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Chapter 1 

Introduction 

 

1.1 Background and Rationale 

Wastewater generated from food production and agricultural activities is a significant source of 

environmental pollution worldwide, and such water poses a dire threat to water resources and 

ecosystems. As one of many related industries, red meat abattoirs have emerged as prominent 

contributors to water pollution while also presenting formidable challenges to waste management. 

Abattoir operations require substantial water usage to maintain stringent hygiene standards, resulting 

in the generation of copious volumes of wastewater characterised by high organic concentrations 

(Calverley & Walther, 2022; Ungureanu et al., 2020). 

 

The scale of water consumption within abattoirs is staggering, with estimates suggesting that as 

much as 82% of the water utilised in these facilities is ultimately discharged as effluent. In South 

Africa, the demand for meat products has surged alongside population growth, leading to the 

considerable expansion in the number of abattoirs from 25 in 1988 to 420 in 2021 (Moreroa & 

Basitere, 2022; Water Research Commission [WRC], 2017). Despite South Africa's status as a 

comparatively minor global meat producer in comparison to countries like the United States, it 

grapples with severe strains on its water resources, and many of these challenges can be attributed 

to abattoir water pollution. This pollution exacerbates water scarcity challenges as abattoir effluent is 

often discharged directly into municipal sewer systems without adequate pre-treatment measures. 

Consequently, this practice places unnecessary strain on already overburdened sanitation systems 

and contributes to downstream contamination that jeopardises water sources and ecosystems (Iloms 

et al., 2020). 

 

The prevalent lack of accountability and awareness regarding the environmental impacts of abattoir 

wastewater further compounds the issue, leading to a continuation of poor waste treatment and 

disposal practices. As a result, it has become imperative to address these challenges, which means 
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that there is a critical need for research to inform interventions aimed at improving wastewater 

management practices within the red meat abattoir sector (Mema, 2019). 

 

1.2  Problem Statement  

The environmental and operational challenges posed by abattoir effluent, particularly in 

circumstances such as in South Africa, are multifaceted as they not only directly impact ecosystems 

and public health, but also place a strain on wastewater treatment infrastructure. The literature 

broadly discusses the environmental impacts of abattoir effluent, treatment technologies, and 

microbial risks in an effort to alleviate the threats posed by this industry (Bustillo-Lecompte & 

Mehrvar, 2017; Shukri et al., 2017). For instance, abattoir effluent contains high levels of organic 

matter, nutrients, pathogens, and sometimes veterinary pharmaceuticals that, when discarded in 

effluent, significantly impact water bodies and ecosystems. This impact manifests as eutrophication 

and reduced levels of dissolved oxygen in water and causes harm to aquatic life, particularly when 

the effluent has not been adequately treated. Various treatment technologies that range from 

mechanical to biological processes have been explored in research that has aimed to reduce the 

pollution load. However, the effectiveness, cost, and practicality of these technologies vary, 

accentuating the need for adaptable and balanced wastewater management strategies (Mema, 

2019.; Müller, 2017). 

 

A notable gap in current research is the examination of how abattoir effluent affects municipal 

wastewater treatment works. Earlier research focused predominantly on the direct discharge of 

effluent into water bodies and the environmental and health implications of this practice, but the 

disruption caused to wastewater treatment works by high-strength effluent from abattoirs is a critical 

area that requires further investigation. Such effluent can compromise the operational efficiency of 

treatment plants due to the insufficient treatment of both the effluent itself and the municipal 

wastewater mixed with it. Inadequately treated wastewater that is released into the environment thus 

exacerbates environmental and health problems (Moreroa & Basitere, 2022; Phungela et al., 2022). 

 

Furthermore, while significant attention has been paid to the physicochemical properties of abattoir 

effluent and its treatment, studies on microbial diversity have been less common. The microbial 

content of abattoir wastewater, which may even include pathogens, poses substantial health risks 

and this makes it essential to understand the threat through risk assessment and the development 

of effective treatment strategies (Carles et al., 2022; Sharma et al., 2023). The field also wrestles 
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with controversies and unresolved issues such as the inadequacy and lack of enforcement of 

regulatory standards, the need for the selection of sustainable and effective treatment methods, and 

the need to fully understand the microbial risks associated with abattoir effluent. Moreover, the 

potential for resource recovery from abattoir effluent presents a promising avenue for sustainable 

management, but it first requires practical solutions for widespread implementation (Eberhard, n.d.). 

 

The concerns expressed about the impact of abattoir effluent on wastewater treatment operations in 

broad discussions on health-related threats highlight the complexity of managing such effluent and 

underline the need for comprehensive research that explores not only the direct environmental and 

health impacts of poorly treated abattoir wastewater, but also the operational challenges faced by 

wastewater treatment facilities. Addressing these gaps and challenges requires a thorough effort 

from researchers, industry stakeholders, and policymakers who need to work collaboratively to 

develop holistic and sustainable wastewater management solutions that will ensure environmental 

protection and public health safety now and in the future. 

 

1.3 Aims and Objectives 

The aim of this study was to assess and characterise the microbial diversity in red meat abattoir 

effluent. To achieve this aim, the study’s objectives were to: 

I. Monitor effluent flow rates and determine suitable sampling intervals to obtain representative 

composite effluent samples; 

II. Analyse the physicochemical parameters of abattoir effluent to understand its composition and 

characteristics and to monitor compliance with local regulations; 

III. Employ conventional culturing to analyse the bacterial and fungal content of the effluent; and 

IV. Construct microbial diversity profiles using functionality and genomic diversity analyses to 

comprehensively characterise the microbial consortium present. 

 

1.4 Chapter Layout 

This thesis was structured in monograph (traditional) format and consists of six chapters. 

 

Chapter 1: Background to and overview of the study 

The problem statement, aim, and objectives of the study are presented in this chapter. 
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Chapter 2: Literature Review 

The literature review chapter focuses on the intricate issues of water scarcity and pollution in South 

Africa. In its exploration of the prevailing challenges faced by water treatment works, the literature 

exposes the overwhelming implications of poor wastewater treatment practices as a key factor that 

worsens the water pollution crisis in this country. This chapter thus presents an overview of current 

wastewater treatment processes as well as water legislation and regulatory mechanisms. The 

literature discusses various attempts by regulators to enforce water compliance in industries, but 

argues that this has become a major problem. The chapter transitions to a perceptive analysis of 

abattoir wastewater treatment methodologies and sheds light on the current situation and the barriers 

delaying effective treatment processes. Furthermore, a breakdown of the sources contributing to red 

meat abattoir effluent generation is provided, while a comprehensive characterisation of the 

physicochemical, microbial, and genomic aspects of red meat abattoir effluent is also presented. 

 

Chapter 3: Materials and Methods 

The research methodology that was utilised to obtain abattoir waste water samples is discussed in 

detail. Composite effluent samples were taken for 10 consecutive days at a high throughput red meat 

abattoir in Bloemfontein in the Free State Province. A concise description of the methods used to 

assess the effluent's physicochemical properties is provided and the processes for constructing 

culture-dependant and culture-independent microbial components are discussed. The culture-

dependent component comprised viable microbial counts and the determination of the CLPP 

functionality of the microbes, while the culture-independent component comprised 16S- and ITS-

targeted metagenomic sequencing. 

 

Chapter 4: Results and Discussion 

The results that emerged from the analyses were obtained at both physicochemical and 

microbiological levels. Eight physicochemical parameters were analysed and monitored in terms of 

Mangaung Municipal by-laws and it was found that three of these were non-compliant. It was also 

found that pH, electric conductivity, fats, oils and grease, sulphates, and phosphates fell within 

acceptable limits, while total suspended solids, chemical oxygen demand, and alkalinity were above 

the limits. High viable bacterial counts were observed compared to lower yeast and mould counts. 

The functional metabolic activity displayed an abundant, diverse, and functionally active community. 

Genetic data showed both bacterial and fungal phyla to have common dominant species, but genus-

level diversity differed.  
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Chapter 5: Correlations and Relationships  

This chapter explores the correlations and relationships among the analysed data. The PCA findings 

revealed limited positive correlations between the microbial communities and physicochemical 

parameters. Culture-independent analysis determined that fungal diversity exhibited significant 

positive correlations with the most utilised BioLog EcoPlate carbon groups. The culture-dependent 

and culture-independent analyses of the microbial content revealed a high level of similarity across 

all samples, indicating a remarkable resemblance in microbial diversity among the samples.  

 

Chapter 6: Concluding Remarks 

This chapter concludes the dissertation by reiterating pertinent key findings and offering concluding 

remarks pertaining to the significance of the study.  
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Chapter 2 

 Literature Review 

 

2.1 Introduction 

Water is an essential natural resource for the sustainability of all forms of life. Apart from drinking it 

to survive, there are many other uses for water and it plays an important role in the economy, food 

production, health, and the environment. However, water quality has become a matter of great 

concern throughout the developing world (Halder & Islam, 2015).  

 

Drinking water sources are under increasing threat of contamination, with extensive consequences 

for the health of people and animals and the economic and social development of communities and 

nations. Deteriorating water quality also threatens the achievability of the UN Sustainable 

Developmental Goals that target the rights of people who have to survive without access to safe 

water and sanitation infrastructure (Hailu, Ayenew & Mulu, 2015; Brown, 2016; Bustillo-Lecompte & 

Mehrvar, 2017; Seiyaboh & Izah, 2017; Ungureanu, Vladut & M, 2020). Freshwater scarcity and 

security have been recognised as global issues, and their consistent quantification is required to 

provide an integrated view of the water situation on our planet (World Economic Forum, 2016). The 

scarcity and inadequate quality of water in many areas around the world are mainly due to water 

pollution as well as increasing demands that persistently exceed available supplies (Abu-Zeid & 

Shiklomanov, 2004). 

 

Water consumption is also increasing due to population and economic growth and this will continue 

at an accelerating rate if current attitudes and patterns of water utilisation and treatment remain 

unchanged. The rate of how much water is consumed varies depending on several factors, such as 

the nature of the development within a region and the availability of natural water sources (Akpor & 

Muchie, 2011; Ritchie & Roser, 2017). South Africa is both semi-arid and a water-scarce country due 

to its low average annual precipitation and the unevenness of surface and groundwater distribution. 

This situation results from its warm climate and geography, and thus water availability varies greatly 

throughout the country. For instance, the present water supply situation has created a false sense of 

water security within the privileged sectors of South African society (Ingrao et al., 2023). Marginalised 
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and poor communities have always experienced high levels of water insecurity. Currently, water 

scarcity is increasing in all parts of South Africa and the demand for water of potable quality is not 

being met in many areas. Although attention on water supply has primarily focused on water quantity, 

water use efficiency, and issues of water allocation, poor wastewater management has created 

serious water quality problems in many parts of the country, thus exacerbating the water crisis 

(Calverley & Walther, 2022; Itumeleng Phyllis Molobela, 2011; Martin Zhuwakinyu., 2012). 

 

The quality and availability of water and sanitation services are of extreme importance if humans’ 

living standards are to be improved and sustained. The most recent information has confirmed that 

efforts to extend access to these services are ongoing as several reform measures have been 

implemented by various stakeholders in the water sector to address challenges that have an impact 

on the reliability of water provision services and ultimately on the quality of water itself  (Department 

of Water Affairs, 2012; Mavasa, 2023). However, these efforts are being constrained by knowledge 

and skills shortages within the sector. For instance, the latest Blue Drop Report by the Department 

of Water Affairs (DWA) revealed a decline in drinking water quality and an increase in non-revenue 

water from 2014 to early 2023, while the Green Drop Progress Assessment Report also indicated 

increasingly poor performances by municipal wastewater treatment agents (Department of Water 

Affairs, 2023a, 2023b). The Department of Water and Sanitation (DWS) has been endeavouring to 

provide some support to struggling municipalities and has also urged water services authorities 

(WSAs) with compromised water or wastewater systems to submit detailed corrective plans. 

However, the ongoing deterioration of water services that has been signalled by the Green Drop 

report has prompted the need for fundamental reform. To address this need, the DWS released the 

Water Services Amendment Bill for public comment. This Bill clarifies the roles of WSAs and water 

services providers (WSPs) and introduces a mandatory operating license system for WSPs. The 

latter are thus overseen by the DWS to ensure minimum competency and adherence to performance 

standards (Mavasa, 2023). 

 

The situation the country currently faces puts water authorities under pressure to find new and 

innovative ways to achieve and sustain water of a desirable quality. In addition, the DWA also 

developed and introduced a wastewater discharge fee system that works on a ‘polluter pays’ principle 

(Department of Environmental Affairs, 2014). The aim of this initiative is to recover the costs 

associated with different wastewater treatment and water quality management programs and to 

provide incentives for large water users to treat their waste in-house rather than discharging it 

untreated into a water source. Wastewater charges will therefore be payable by polluters who exceed 
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pollution load standards, but unfortunately the implementation of this initiative had not yet 

commenced by the time this study was conducted. 

 

The main culprits that contribute to wastewater and water quality problems are mines (acidity and 

increased metal content), industries (chemicals and toxins), agriculture (sediment and the destruction 

of soil nutrients), and urban development (the release of microbiological content and the destruction 

of nutrients) (Mitchell et al., 2014). Moreover, abattoirs are integral to the food processing industry 

and play a pivotal role in the food provision chain as they serve as primary facilities for the slaughter 

and processing of animals for human consumption. However, their role in compromising scarce water 

sources should not be underestimated considering that the supply of potable water in sufficient 

quantities and of required quality is important for the health of communities and the environment and 

for the economic growth of the country (Bhagwat & Vinod, 2019; García-Díez et al., 2023) .  

 

The agricultural sector, which contributes 3% to the GDP, is one of the largest users of water as it 

utilises approximately 60% of South Africa’s water resources. The lack of or poor quality of water is 

a major factor that impedes the growth of this sector as poor water quality harms agricultural exports 

and, in turn, diminishes foreign income. It is for all these reasons that the efficient management of 

the country’s available water sources should be prioritised. To this end, South Africa has a well-

structured legislative framework that governs water and sewage services (Department of Water 

Affairs, 2012) ; however, the question that is often posed is whether this framework is implemented 

effectively.   

 

2.2  South African Water Legislation 

The South African water sector does not have a distinct or independent regulator as there are multiple 

stakeholders involved in the provision and management of water and sanitation services. Key 

institutions are responsible for water and sewage service provision, oversight, the management of 

water resources, and the availability of water of good quality for human consumption and other 

purposes. Moreover, several pieces of legislation also guide both fresh- and wastewater 

management, and non-compliance with these laws could result in a demand for the payment of 

severe fines or even imprisonment (Eberhard, n.d.). Table 2.1 presents a summary of the legal 

framework that guides wastewater management in South Africa.   
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Table 2.1: The South African legislative framework and institutions governing wastewater 

management.

  

Legislation Institutions 

Constitution of South Africa (Act 
108 of 1996) 

Department of Water and Forestry (DWAF) 

The custodian of water resources and overall sector leader, 
policy maker, and regulator. 

National Environmental 
Management: Waste Bill of 2007 

Catchment Management Agencies (CMA) 

Responsible for water resources planning at the catchment 
level. 

The Water Act (Act 36 of 1998) Water Service Authorities  

All metropolitan, many Districts, and authorised local 
municipalities. 

Environmental Conservation Act 
(Act 73 of 1989) 

Water Service providers 

Agencies that assume operational responsibility for providing 
water and/or sanitation services as a bulk or retail service. 

Water Services Bylaws Water Bodies 

Regional or bulk water service providers, sell water to or 
accept wastewater from other water service providers. 

Green Drop Certification 
Programme 

All metropolitan areas, many Districts, and authorised local 
municipalities. 

National Environmental 
Management Act (Act 107 of 
1998) 

Department of Water Affairs 

South African Water Quality 
Guidelines (TWQGR) 

Department of Water Affairs and Forestry 

The Health Act (Act 63 of 1977)  National Department of Health 

 

Source: Adapted from the Department of Environmental Affairs and Development Planning, 2015 
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2.3  Nature and Characteristics of Wastewater 

Wastewater generation is an inevitable consequence of human activities that cause modification to 

the original characteristics of water such as contaminating it and making it unfit for further use. 

Wastewater or effluent refers to any water which has been negatively affected in quality by 

anthropogenic activities. These waste products can be liquids or solids and can be composed of a 

range of negative biological, chemical, or radioactive properties (Naidoo & Olaniran, 2013). 

 

Municipal wastewater is produced in homes and by businesses and industries and is referred to as 

domestic or industrial wastewater (or effluent) depending on its origin. Groundwater, stormwater, and 

surface waters also enter the wastewater collection system and add to the volume of wastewater. 

The latter types of wastewater characteristically contain pollutants; for instance, domestic wastewater 

may contain faecal and vegetable matter, grease, scum, detergents, rags, and sediment, while 

industrial wastewater commonly contains toxic chemicals and metals, concentrated organic waste, 

radioactive matter, large volumes of sediment, and high-temperature or acidic waste. Moreover, 

much of the ground, storm, and surface wastewater contains motor oil, gasoline, pesticides, and 

sediment (Mothetha, 2016). 

 

Dumping of raw effluent into water courses often causes irreversible damage to the environment, 

while the discharge of untreated and inadequately treated effluent into water courses poses a risk to 

public health. The most significant environmental threat to public health due to untreated effluent is 

inadequate access to clean drinking water and sanitation facilities. Additionally, while direct 

discharge of effluent is a serious problem in South Africa, some wastewater treatment plants 

(WWTPs) are generally ill-equipped to remove large quantities of non-biodegradable waste and 

recalcitrant heavy metals from the water they treat, and the resultant contaminated water is 

eventually discharged into surface water sources (Mema, 2019). Most WWTPs also do not have 

sufficient capacity to treat the volumes and nutrient load of wastewater and sewage influents on site. 

Inflow loads that are beyond the capacity of WWTPs result in malfunctioning, poor operations, poor 

maintenance, and poor levels of wastewater and sewage purification. The result is that contaminated 

effluent is discharged into natural environments, and this negative consequence  makes effective 

wastewater treatment a pivotal concern in various areas (Iloms, 2018; Iloms et al., 2020).  
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2.4  Wastewater Treatment 

Effective wastewater treatment is a global imperative as municipal and industrial effluent should be 

appropriately treated before it is discharged into a water body or the environment. The conventional 

way of treating effluent is in a WWTP where a series of physical, chemical, and biological processes 

are used to reduce the concentration of contaminants before the effluent is discharged. The mandate 

of any WWTP is to minimise all risks to the environment and the population (Metcalf et al., 2003). 

 

Effluent that is generated by domestic and industrial activities is a major cause of the pollution of 

natural water. Poor wastewater management could therefore lead to a point-source pollution problem 

and, to solve it, high treatment costs are incurred while a wide array of chemical pollutants and 

microbial contaminants are released into natural water sources (Iloms, 2018). Two fundamental 

reasons for treating wastewater are: (i) to prevent the pollution of water sources, and (ii) to protect 

public health by safeguarding water supplies against the spread of disease. The prevention of these 

threats is accomplished by utilising a process that separates and settles solids to create an 

acceptable quality of effluent and by removing substances that have high oxygen demand through 

metabolic reactions of microorganisms, thus removing excess microorganisms from the water 

system  (Akpor & Muchie, 2011b; Sathya et al., 2022).  

 

In a municipal wastewater system, the common water quality variables of concern are biological 

oxygen demand (BOD), chemical oxygen demand (COD), dissolved oxygen (DO), biodegradable 

organic compounds, volatile organic compounds (VOC), toxic metals, suspended solids (SS), 

nitrates, ammonia nitrogen, phosphates, salinity, microbial pathogens, and the presence of a range 

of trace metals. High concentrations of these pollutants above the limits set by national and 

international regulatory bodies negatively impact receiving water bodies as they cause a major 

challenge in wastewater systems such as eutrophication and different health impacts on humans and 

animals (Verlicchi & Grillini, 2020). In the past, wastewater treatment plants’ operations were limited 

to the removal of organic matter and suspended solids (Stare et al., 2007). Today, due to the efforts 

and results of research investigations, these plants also have to focus on the removal of substances 

such as nitrogen, phosphorus, odours, volatile organic compounds, metals, and toxic organics that 

commonly exacerbate the quality of the wastewater found in treatment plants (O’Dwyer et al., 2020; 

Zaborowska et al., 2021). 
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The main objective of the wastewater treatment process is the reduction, or preferably the removal, 

of organic content (i.e., BOD) and trace organics that are recalcitrant to biodegradation and that may 

be toxic or carcinogenic. Such materials include toxic metals and nutrients such as nitrogen and 

phosphorus. Removing them reduces the pollution levels of receiving surface waters or groundwater 

by minimising the prevalence of pathogenic microorganisms and parasites in the effluent (Akhtar et 

al., 2021; Bitton, 2010) . According to a report by the Water Research Commission (Oliveira & Von 

Sperling, 2008), wastewater treatment technologies and practices commonly used in South Africa 

include screening, de-gritting, oxidation ponds, primary settling, biological filters, activated sludge 

treatment, settling, maturation ponds (natural UV treatment), wetland polishing treatment, 

disinfection, sludge thickening, sludge drying beds, and anaerobic digestion. These treatment 

processes are illustrated in Figure 2.1. 

Figure 2.1: Schematic illustration of the treatment processes in municipal wastewater treatment 

plants 

 Source: Water Research Commission, 2016 
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2.4.1 Treatment processes utilised by municipal wastewater treatment plants 

2.4.1.1  Preliminary treatment 

Preliminary treatment is the first treatment process as the waste enters the WWTP. It removes large 

solid and grit materials that can hinder the flow through the treatment process. These materials are 

removed by screening and preventing them from getting caught in the mechanical equipment and 

causing abrasions or blockages in the pumps. These particles are commonly disposed of at an 

approved landfill. It is estimated that this stage removes about 60% of total suspended solids and 

only 10 - 20% of total nitrogen and total phosphorus (Department of Environmental Affairs, 2014).   

2.4.1.2  Primary treatment 

Primary treatment comprises a mixture of biological and physical processes such as screening and 

sedimentation. The velocity of the water is lowered or it is left to stand, causing the solids to sink to 

and settle at the bottom while floatable materials such as oils and grease rise to the top. The 

suspended solids are scraped off the bottom and the oil and grease (scum) are washed off with water 

jets. The scum and the solids are then collected and combined to form sludge and sent off for 

treatment or are disposed of. If not removed, these materials cause odour problems and attract 

vectors that could spread infections (Department of Environmental Affairs, 2014). 

2.4.1.2 Secondary treatment 

In the secondary treatment process, the dissolved organic material in the wastewater is used as food 

for microorganisms. As the microorganisms consume the organic matter, they convert it into more 

microorganisms that are then separated from the water by gravity settling. This can be accomplished 

in many different types of secondary treatment systems such as trickling filters, rotating biological 

contactors, activated sludge, and lagoons (Mothetha, 2016). According to Naidoo and Olaniran  

(2013), this stage removes 90% of organic nitrogen, organic phosphorus, and heavy metals 

associated with solids when they settle in the tank and form sludge.  

2.4.1.3 Tertiary treatment  

During tertiary treatment, physical and chemical processes are used to further remove BOD, 

nutrients, pathogens, parasites, and sometimes toxic substances (Bitton, 2010). The sludge is 

converted to biogas, which is a mixture of methane (CH4) and carbon dioxide (CO2), that is then used 

to generate electricity for the plant.  
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The liquid is treated by bacteria that break down the organic matter remaining in the solution. It is 

then sent to the oxidation ponds where heterotrophic bacteria continue the breakdown of the organics 

and solar UV light destroys the harmful bacteria (de Souza & Moorgas, 2016). Disinfection is the final 

step in this process before the wastewater is released into the environment. This can be done in 

several ways which include chlorination, ozonation, ultraviolet light exposure, and long detection 

times in lagoon cells. Chlorination is the most popular method of disinfection.   

 

2.4.2 Problems experienced by WWTPs 

The chemical and physical contamination of water sources that occurs both naturally and due to 

pollution is a very serious problem, but even more serious is the microbiological contamination of 

drinking water sources. As populations, pollution levels, and environmental degradation increase, so 

does the chemical and microbiological contamination of water streams. This is due to a variety of 

factors, including population pressure, urbanisation, and the inadequate construction, operation, and 

maintenance of wastewater treatment systems (Edokpayi, Odiyo & Durowoju, 2017). The increasing 

demand for water and large volumes of untreated effluent cause strenuous operations within 

WWTPs. This occurs concomitant with a decline in the state of municipal wastewater treatment 

infrastructure, which is a key contributing factor to multiple pollution problems experienced in most 

parts of the country as well as the health problems in poor communities. Increasing concerns have 

therefore been raised regarding the influence of untreated or poorly treated effluent from industries 

on the already overburdened sanitation systems across South Africa (Mema, 2019). 

 

Water is an important requirement in industrial processes such as production, cooling, cleaning, and 

rinsing and it is an undeniable fact that industries generate a considerable proportion of the total 

volumes of wastewater that are released into the environment. Industrial discharge can contain a 

wide range of contaminants that originate from numerous sources. Some of the biggest generators 

of toxic industrial wastewater are mines, pulp mills, pharmaceutical industries, and food/agricultural 

producers (Muralikrishna & Manickam, 2017). In many undeveloped countries, wastewater from 

industries is not only discharged directly into water sources, but also seeps into the ground where it 

contaminates groundwater. Polluted water supplies therefore often go undetected as monitoring is 

expensive and, even if pollution is detected, remediation generally does not occur as the source of 

the pollution must be addressed and decontamination carried out at the same time, which can be 

extremely difficult and costly (Edokpayi, Odiyo & Durowoju, 2017). 
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In many countries, including South Africa, industries that are located within municipal jurisdictions 

discharge their effluent into municipal sewer systems and it becomes the taxpayer’s and 

municipalities’ responsibility to treat and dispose of that wastewater. In the absence of a ‘user pays’ 

system for pollution control, large volumes of contaminated industrial wastewater end up in municipal 

sewage treatment plants that are expensive to construct, operate, and maintain. To contain this 

threat, South Africa introduced municipal by-laws and Green Drop regulations that govern effluent 

discharge limits according to the operational capabilities of the receiving WWTP (Department of 

Water Affairs, 2011). 

 

According to the Department of Water and Sanitation (2017), it is the responsibility of the industry to 

establish monitoring programs to assess the wastewater quality and quantity, to address any failures 

in the discharge system, and to report any threats to the local authority. This form of self-regulation 

aims to ensure that industries reduce pollution at source rather than opting for the more expensive 

end-of-pipe solution of government WWTPs (van der Merwe-Botha & Manus, 2011). Industrial 

effluent is usually pre-treated before being discharged into sewage systems to reduce pollution loads 

and to avoid disturbing the wastewater treatment process. Industrial effluent that is discharged into 

a sewage system may adversely affect the operation of a municipal WWTP. For instance, different 

flow rates, extreme concentrations of pollutants, and pollutants that are potentially resistant to 

biological treatment may disturb technological processes, increase operational costs, and deteriorate 

the quality of the WWTP effluent. If the WWTP cannot deal with such problems, it causes the 

discharge of inadequately treated effluent into receiving water bodies, and water bodies that are 

contaminated by abattoir effluent pose significant environmental and public health hazards (Bitton, 

2010; Department of Water and Sanitation, 2023b; Mema, 2019). 

 

2.5 Food Industry  

The food and beverage industry is one of the most important sectors in terms of financial and social 

significance due to its continuous growth. Whenever food in any form is handled, processed, 

packaged, and stored, there will always be the accompanying generation of wastewater, and this is 

why the food industry is associated with high emissions of organic waste into water resources (Al-

Rumaihi et al., 2020). Wastewater generated from food production and agricultural activities is a 

major cause of environmental pollution. Such waste is also amongst the most difficult and costly to 

manage because food processing effluent can contain large quantities of nutrients and organic 

carbon as well as nitrogenous organic, inorganic, suspended, and dissolved solids. Moreover, it is 
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also associated with high biochemical and chemical oxygen demands. The most serious 

environmental impacts are high levels of water consumption, wastewater discharge, and energy 

consumption. The effluent must be treated to levels that will not damage receiving waters when 

directly discharged into the environment or that will not disrupt WWTP processes due to excessive 

nutrients or oxygen demand when discharged into municipal sewers (Noukeu et al., 2016). Examples 

of food produced by this industry include meat, poultry, and dairy products, fruit and vegetables for 

canning and preserving, grain products, sugar, oils, beverages, and brewing, among others. The 

large variety of food and agricultural waste presents different challenges as special factors have to 

be considered with each waste type, such as technical performance issues and the seasonality of 

production which add to the complexities of the treatment choices and operations in these industries 

(Cotruvo, 2018). 

 

Knowledge of the characteristics of wastewater is essential for the development of economically and 

technically viable management systems that follow current environmental policies and regulations. 

Management methods that may be adequate for certain industrial wastewater may be less feasible 

for food and agricultural wastewater unless these methods are modified to reflect the characteristics 

of the wastewater produced and the opportunities it may pose. Wastewater that results from 

agricultural activities and food processing varies in quantity and quality, with the streams from fruit 

and vegetable processing  typically having low strength and high volumes and those from animal 

operations having high strength and low volumes. These differences in quantity and quality dictate 

the type and capacity of wastewater management systems that should be utilised (Climate Policy 

Watcher, 2020). 

 

2.6 The Red Meat Abattoir Industry 

The South African red meat industry is one of the main producers of red meat in Africa as it 

contributes to 21.4% of meat production in Africa and 1% globally. Red meat provides more than a 

third of the protein needs of the African population. The key determining factor of the quantities of 

meat produced in an area is the number of feedlots and abattoirs that are located there and not the 

size of the livestock herds in that area. Meat is then produced and distributed all over South Africa 

and its neighbouring countries (Swanepoel, 2014; Bustillo-Lecompte & Mehrvar, 2017). 

 

An abattoir is a specialised facility that must be approved and registered by the regulatory authority 

that is mandated to inspect the animals and ensure the hygienic slaughtering, processing, 
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preservation, and storage of meat products before they are released to the public for human 

consumption. Abattoirs are obligated to produce edible and fit-to-consume meat for the public; 

however, large quantities of secondary organic and inorganic waste is generated in the process. Due 

to the nature of its operation, the abattoir industry contributes significantly to air pollution, loss of 

biodiversity, climate change, land degradation, and water shortage and pollution (Pinto et al., 2022; 

Red Meat Abattoir Association [RMAA], 2011; Tolera et al., 2022). 

 

Abattoirs in South Africa are graded by the number of units that can be processed in a specific time 

frame. According to the Gauteng Department of Agriculture and Rural Development (GDARD) 

(2009), abattoirs use a quantifiable standard to determine their throughput of slaughter units. An 

abattoir is therefore graded according to its throughput capacity and its structural requirements. The 

unit standards for and grading of red meat abattoirs are presented in Table 2.2. 

 

Table 2.2: Quantifiable unit standards for red meat abattoir slaughter units 

Category One slaughter unit = 

Red Meat  1 cow, ox, or bull (including heifers) 

2 calves younger than 6 months 

1 horse 

6 sheep or goats 

4 small pigs 

2 bacon pigs 

1 sausage pig 

Category Slaughter units per day 

Rural abattoir                          

Low throughput abattoir                   

High throughput abattoir           

0-2 

3-20 

>20 

Grade A        

Grade B      

Grade C      

Grade D          

Grade E         

More than 100 

51-100 

16-50 

9-15 

1-8  
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2.7 Abattoir Waste  

Abattoir waste is defined as “the collective by-products of an abattoir that are not fit for human 

consumption and are then discarded”. This waste results because of the nature of the slaughtering 

and operational activities that are employed at an abattoir. The main purpose of an abattoir is to 

recover the edible parts of slaughtered animals for human consumption (Red Meat Abattoir 

Association [RMAA], 2011). During the slaughtering process, substantial volumes of waste material 

are generated that can be divided into solid, liquid, and gaseous waste. Solid waste consists mainly 

of bones, undirected ingests, and hairs; liquid waste consists of blood, urine, water, dissolved solids, 

gut content, and cleaning detergents; and gaseous waste comprises of odour and gaseous 

emissions (Roberts, de Jager & Blight, 2009; Bandaw & Herago, 2017).  

The red meat abattoir industry is one of the largest water-consuming industries world-wide. Globally, 

agriculture accounts for 92% of the global freshwater footprint while 29% of the water that is used in 

agriculture is directly or indirectly used for animal production. The wastewater pollution streams 

generated by this industry depend on the size of the abattoir, the units slaughtered, the type of meat 

that is produced (cattle, pigs, sheep, poultry), and the processes subsequent to slaughtering such as 

the cleaning of the facility (Charlebois & Summan, 2014).  

 

The increasing demand for meat products has resulted in an increase in abattoir facilities and 

escalating volumes of wastewater. The concentration of organic matter in abattoir effluent is usually 

high while residues are moderately solubilised, leading to a polluting effect due to high levels of 

organics and pathogens present in the wastewater as well as detergents used for cleaning purposes 

(Singh, 2018). Water consumption and waste generation differ among the various categories of 

abattoirs, which means that the variation in water use among abattoirs results from operations within 

facilities, the scale of these operations, what it is that regulations require and how they are 

implemented, and other circumstances such as the cost and availability of water. 

 

It is mandatory for the red meat abattoir industry to monitor the effluent that it generates and that is 

discharged into municipal sewer systems to ensure that it complies with municipal by-laws that 

govern discharge limits according to the operational capability of each receiving WWTP. Municipal 

by-laws must thus be adhered to by abattoirs and administrative bodies as a tool for pollution control 

(Water Research Commission, 2016). If this and other industries are not compliant given the limited 

resources and skills in most municipalities, legislative control alone cannot address the problem of 

contaminated wastewater, thus the development of a practical but scientific-based guide to enable 
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the effective management of polluted effluent has become vital. Developing this guide requires 

detailed understanding of the processes that generate such effluent, a complete characterisation and 

quantification of the effluent stream, and an understanding of the economic limitations faced by the 

industry that may hinder pollution control and prevention (Ntuli, 2012).  

 

2.8 Wastewater Generation Areas within a Red Meat Abattoir 

According to a Water Research Commission report on water and wastewater management in the red 

meat abattoir industry, the use of water in abattoirs varies greatly among the process areas in these 

facilities (Müller, 2017). The average water consumption of a red meat abattoir is approximately 900 

L per slaughter unit, while the total volume of water required depends on the size of the abattoir. 

However, regardless of their different operational practices and processes, a considerable volume 

of effluent is generated by all abattoirs while approximately 82% of freshwater that is consumed at 

an abattoir is discharged as wastewater (effluent) that contains high organic loads. This effluent 

contains blood from the slaughtered animals, solids such as meat and pieces of bone, as well as 

grease/fat. Effluent is generated in different areas in red meat abattoirs that are briefly discussed 

below.  

2.8.1 Lairages 

Animals excrete urine and faecal matter while they are being kept in lairages before slaughter. 

Livestock is usually held overnight or for some time before being slaughtered to allow the animals to 

rest, and thus the volume of excreta is high. These lairages are supposed to be dry-cleaned by using 

a broom to sweep the holding surface before washing it down using a high-pressure hose, but the 

floors are often just washed down without sweeping, which means that a large volume of solids are 

washed into the wastewater (Hearle, 2016). 

2.8.2 Stunning and bleeding area 

In many abattoirs, instead of blood being separated and discarded or reused, it is washed down the 

sewer as part of the continuous cleaning process. Blood is one of the biggest wastewater polluters 

in the red meat abattoir industry. Raw blood contains a COD of about 400 000 mg.L-1, which is 

extremely high. This concentration significantly surpasses the regulatory threshold of 5000 mg.L-1, 

as prescribed by a Mangaung effluent discharge by-law. Moreover, a constant flow of water is used 

in abattoirs to sterilise equipment such as evisceration pans and slaughter knives (Müller, 2017). 
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2.8.3 Carcass dressing area 

During the dressing process, pieces of meat, fat and bones from carcasses are deposited on the 

floor. These are supposed to be dry-swept and removed but, in some cases, they end up being swept 

away by wet-broom operations along with the wastewater. Carcasses then receive a final wash which 

causes excess contamination elements such as bone chips, pieces of fat, meat, and blood to be 

washed down into the sewer (Cross & Singh, 2020). 

2.8.4 Pig scalding area 

There is a continuous flow of hot water for scalding the hard skin of pigs and sterilising equipment 

and this water is discarded as wastewater that contains hairs from pigs’ skins (Müller, 2017).  

2.8.5 Rough offal 

In this area, paunches and intestines are slit open and receive an internal rinse to remove patch and 

gut content. Large quantities of water are used in this area and very high levels of contamination 

occur if the water is not treated effectively (Water Research Commission, 2016). 

2.8.6 Miscellaneous wastewater sources 

Large volumes of effluent are generated at the end of each day when intensive cleaning of the 

premises is done. Process areas, fittings, and floors are washed, rinsed, and disinfected using 

sanitisers, detergents, and/or enzymatic cleaning systems. For modern cleaning purposes, cleaning 

agents that are complex mixtures of alkaline, acid, or neutral chemical substances are used. Other 

sources of wastewater are laundry, boot washing, and knife sterilising basins (Hamawand et al., 

2017). 

 

2.9 Handling of Effluent 

For most abattoirs in developing countries, the easiest method to dispose of their effluent is sending 

the effluent into existing pools, rivers, or lakes. However, this practice, which is not compliant with 

current international and South African legislation, leads to pollution problems in terrestrial and 

aquatic environments and may affect the health of humans and animals in surrounding areas. It 

therefore follows that such effluent needs to be disposed of sustainably. To ensure the safe disposal 

of liquid and solid waste, abattoirs are required, at the very least, to use the following methods before 

discharging effluent (Bustillo-Lecompte & Mehrvar, 2017): 
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2.9.1 Separation of blood 

Blood from slaughtered animals contains nitrates that coagulate into a solid mass that will block open 

and closed drains. It is therefore recommended that the blood is collected and used in products that 

are suitable for human consumption, stock feed production, fertilisers, or the pet food market. 

    

2.9.2 Screening of solids 

Discarded and suspended solids and fats must be screened by inserting vertical sieves in drains that 

act as filters that catch the solids but let the water through. The solids can then be discarded 

separately or reused for other viable purposes. All South African abattoirs are obliged to follow a 

strategic approach towards water and waste management in accordance with the Department of 

Water Affair’s water conservation, waste minimisation, and progressive waste treatment 

philosophies. These practices should be employed in conjunction with good housekeeping and low-

cost technologies for recovery and treatment of slaughtered animal waste. Toxopeus (2019) argues 

thatwater-use licenses and permits for on-site disposal should be mandatory to ensure that abattoirs 

will incrementally progress towards predetermined water quality and waste management objectives 

that include minimising waste generation at source, curbing the practice of washing solids into drains, 

and promoting research into cleaner technology and better recovery of high-value products from the 

waste stream.  

 

2.10 Characterisation of Red Meat Abattoir Wastewater 

According to Mittal (2004), Bustillo (2017), and Benit (2015), abattoir wastewater quality depends on 

water usage, the type of animals slaughtered, and the nature of the rendering or processing that are 

done on site (Seiyaboh & Izah, 2017; Ungureanu et al., 2020). Three major categories of pollutants 

are commonly detected in abattoir effluent: 

• Disease-causing agents: These are viruses, parasites, and bacteria. Because of the 

richness of these microbes, the effluent becomes a source for the transmission of diseases 

such as cholera and typhoid. 

• Oxygen-demanding waste: This waste consists of biodegradable matter such as plant 

residues and animal manure. This biological waste uses oxygen present in the effluent and 

results in oxygen depletion. 
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• Water-soluble inorganic pollutants: These are salts, acids, and metals and also include 

ammonium salts, nitrates, and phosphates that are important nutrients. These nutrients 

favour algae growth which causes eutrophication. 

 

Abattoir effluent is composed of high concentrations of suspended solids and may include fat, grease, 

hair, feathers, flesh, manure, grit, undigested feed, blood, as well as about 80% fresh water. This 

organic matter provides a nutrient-rich source for microbial growth and reduces the dissolved oxygen 

contained in wastewater, resulting in foul odours and darkening of water. Blood and undigested feed 

constitute the highest pollution loads and account for high COD and BOD levels (Shukri, Kyambadde 

& Hawumba, 2017). 

   

2.10.1 Physico-chemical parameters 

Several physical and chemical parameters are considered when characterising wastewater. For 

instance, Wu and Mittal (2012) published a review article on the characterisation of effluent from 

abattoirs for land application. Numerous studies have determined parameters associated with 

abattoir effluent depending on the operating practices of the premises; however, certain parameters 

are consistent and appear to be more important than others in abattoir effluent (Benit & Roslin, 2015). 

2.10.1.1 Temperature 

It is a measure of the intensity of heat stored in a volume of water and is measured in ºC. Water 

temperature is very important because it controls the rate of all chemical reactions and regulates 

various abiotic characteristics and activities in water (Benit & Roslin, 2015). 

2.10.1.2 pH 

The pH value is measured to determine the acidity or alkalinity of water and the number expresses 

the concentration of hydrogen ions indirectly. A value of 7 is neutral, less than 7 is acidic, and greater 

than 7 is base saturation or alkaline. The pH changes in water are governed by the amount of free 

CO2, carbonates and bicarbonate and is an important parameter in evaluating the acid-base balance 

of water. The pH concentration range for the existence of biological life is quite narrow and is typically 

6-9. Conditions that favour the production of hydrogen ions exult in the lowering of pH and is referred 

to as the acidification process, while conditions favouring the neutralisation of hydrogen ions result 

in an increase in pH, which is referred to as the alkalisation process (Talukder & Selvakumar, 2015).  
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2.10.1.3 Alkalinity 

Alkalinity is understood as the ability of water to neutralise acid or absorb hydrogen ions . It comprises 

carbonate and bicarbonate and acts as a stabiliser for pH. The need to maintain a proper pH balance 

makes its evaluation a crucial part of wastewater treatment. Factors that contribute to alkalinity 

include the type of dissolved inorganic and organic compounds present, the quantity of suspended 

organic matter, whether the water is strongly or weakly buffered, the presence or absence of free 

hydroxyl alkalinity, and the quantity of bicarbonate in the water. The quantity of bicarbonate to 

dissolved CO2 ratio is indirectly correlated to the number of dissolved solids (Marietta, 2014).  

2.10.1.4 Electric conductivity (EC) 

EC is a measure of the ability of water to conduct an electric current. This ability is the result of the 

presence of ions in the water such as chloride, bicarbonate, nitrate, and sodium, all of which have 

the ability to carry an electrical charge. Most organic compounds dissolved in wastewater do not 

dissociate into ions, therefore they do not affect the EC. The EC depends on dissolved solids in the 

effluent. High EC values indicate the presence of a high amount of dissolved inorganic substances 

in ionised form while fluctuations in EC in any location depend on the fluctuation in total dissolved 

solids (TDS) and salinity (Wu & Mittal, 2012). 

2.10.1.5 Dissolved oxygen (DO) 

The DO is a measure of the degree of pollution by organic matter, the destruction of organic 

substances, and the self-purification capacity of the water body. DO is associated with the corrosives 

of water and photosynthetic activity and is essential for many chemical reactions such as oxidation 

of metals and the decomposition of dead and decaying matter. The actual quantity of oxygen that 

can be present in a solution is governed by the solubility, temperature, and partial pressure of the 

atmosphere as well as the concentration of impurities, such as salinity and suspended solids, in the 

water (Muller, 2004; Benit & Roslin, 2015).   

2.10.1.6 Biochemical oxygen demand (BOD) and chemical oxygen demand (COD)  

Oxygen demand may be in the form of BOD or COD and can be defined as the amount of oxygen 

used by microorganisms as they degrade organic solids in the wastewater. BOD is the amount of 

dissolved oxygen required for the biochemical decomposition of organic compounds and the 

oxidation of certain inorganic materials. COD measures the oxygen equivalent of that portion of the 

organic matter in a sample that is susceptible to oxidation by a strong chemical oxidant (Mittal, 2004).  
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The COD and BOD values are measures of the relative oxygen-depletion effect of a waste 

contaminant. COD is similar in function to BOD, but BOD measures only biodegradable organic 

matter while COD measures the oxygen equivalent of the organic material that is oxidised chemically 

and biologically. The COD value is usually higher than that of BOD because some organic materials 

in water are resistant to microbial oxidation and hence not involved in BOD. The COD test can be 

completed in 2.5 hours compared to the 5-day period required for the BOD test (Mittal, 2004).  

2.10.1.7 Total organic carbon (TOC)  

TOC measures the organic compounds in various oxidation states and the amount of CO2 produced 

during the oxidation of this organic material, which determines the degree of organic contamination. 

The larger the carbon or organic content, the more oxygen is consumed. A high organic content 

means an increase in the growth of microorganisms which contributes to the depletion of the oxygen 

supply (Talukder & Selvakumar, 2015).  

2.10.1.8 Fats, oil, and grease (FOG) 

These compounds create a thin film on the surface of water which impedes the exchange of air and 

water, thereby increasing oxygen demand in the water. Abattoir wastewater contains animal fats that 

are made up of long-chain fatty acids and glycerol. Fats can be difficult to hydrolyse and can diminish 

process performance by coating the granules of organic materials, attaching to the granules, and 

causing washout or inhibiting activity. Fats clog pipes, pumping systems, and screens and can 

reduce oxygen transfer, thereby seriously reducing the efficiency of an aerobic treatment system 

(Mittal, 2004a).   

2.10.1.9 Solids 

According to (Mittal, 2004), the detection of total solids is an indication of the amounts of solids in a 

liquid, but it does not describe what kinds of solids are present. Total solids can be broken down 

based on two distinctions: (i) if the solids are suspended or dissolved in liquid; or (ii) if they are organic 

or inorganic material. Figure 2.2 depicts the relationship between different types of solids. Solids are 

an important constituent to measure as effluent solids represent a pollutant load in addition to a 

potential sediment load in the effluent from a receiving plant. 
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Figure 2.2:  Relationship between the different types of solids  in wastewater treatment 

 

Suspended solids (SS) and settleable solids (STS): These are residual matter that is insoluble 

and is suspended in the wastewater and can also settle out of wastewater. STSs constitute that 

portion of suspended solids that will become sediment and settle out of suspension after a certain 

period, which is a process that generally occurs when the wastewater is stagnant. When effluent 

enters the treatment plant, all particulate solids are suspended due to water velocity. Their 

concentration in the water determines the design of the treatment process and the degree of 

treatment required and it indicates changes in influent water quality.  

 

Total dissolved solids (TDS): This refers to the quantification of the number of inorganic salts and 

small matter that are dissolved in water. The concentration is directly proportional to the EC. 

 

Total volatile solids (TVS): These are solids in water that are organic and that combust and volatise 

at 550C. The volatile content of suspended solids relates to the efficiency of pre-treatment 

techniques and indicates changes in the organic content of the incoming effluent. In a biological 
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treatment system, volatile solids are associated with biomass and can be used as a measure of the 

microorganism population. This correlation often needs careful and stringent determining.  

2.10.1.10  Nitrogen 

Nitrogen is required by organisms to produce proteins, grow, and reproduce and is recycled 

continuously by plants and animals. Most organisms cannot use nitrogen in its gaseous form (N2), 

so they convert it into other forms known as organic nitrogen, ammonia, nitrate, and nitrite. Blood, 

meat particles, and manure from meat plants are significant sources of nitrogen due to their high 

protein content (Mittal, 2004).  

 

Figure 2.3:  The Nitrogen Cycle. This is a biogeochemical process in which nitrogen is 
converted into different chemical forms that consecutively pass from the atmosphere 
to the soil, to organisms, and back into the atmosphere.  

 

Ammonia (NH3): Ammonia is a form of nitrogen. Nitrification, the oxidation of ammonia to nitrite and 

then to nitrate is a fundamental process in aquatic environments brought about by both autotrophic 

and heterotrophic microorganisms. The chemical reactions and toxicity effects of ammonia are 

closely correlated to pH. It is more toxic under alkaline than neutral conditions but has very low 

toxicity under acidic conditions. Ammonia can also form complexes with many of the transition metals 

such as copper (Hua Li et al., 2017). 
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Nitrate NO3: Nitrate is the highest oxidised form of nitrogen. It occurs naturally in source water due 

to decaying plants. Agricultural sources of nitrates include livestock waste matter and chemical 

fertilisers. The presence of nitrates in water samples is suggestive of some bacterial action and 

bacterial growth. Under oxidising conditions, nitrite is converted to nitrate, which is the most stable 

positive oxidation state of nitrogen and is quite common in the aquatic environment. 

2.10.1.11 Phosphorus 

Phosphorus occurs in wastewater almost solely as phosphates and is derived primarily from blood, 

bone, manure, detergents, and sanitising compounds. In natural conditions, phosphorus 

concentration in water is balanced, but if input is higher than what the population of living organisms 

can use up, this leads to eutrophication. Organic, inorganic, and condensed forms of phosphorus are 

present in wastewater and are of concern as pollutants because of their increased availability and 

slow hydrolysis (Dabkowski & White, 2016). 

2.10.1.12 Sulphates 

Sulphates are formed due to the decomposition of various sulphur-containing substances such as 

animal feed present in water. The sulphate ions (SO4
−2) occur naturally in water because of leaching 

from gypsum and other common minerals. Elevated sulphate concentrations increase the erosion 

rate of metal fittings in distribution systems. It is also responsible for acute health effects in humans 

such as diarrhoea (Dabkowski & White, 2016). 

2.10.1.13 Chloride (Cl-) 

Chloride is a naturally occurring major anion found in all natural waters. In wastewater, chloride 

sources could be soluble salt (NaCl and KCl) from blood that is discharged into effluent and NaCl 

used in detergents. The presence of chloride in effluent is a concern because high concentrations 

result in the saltiness of water which accelerates the corrosion rate of metals. These high 

concentrations can also be detrimental to chloride-sensitive plants. 

 

Water authorities should be cognisant of  the parameters discussed above as they are all essential 

in determining the toxicity of effluent discharged into municipal sewage systems. If these discharge 

levels are too high, a fee for excessive polluters can be charged (Iloms, 2018). By-laws issued by 

the Mangaung Municipality intend to regulate and manage the discharge of industrial effluent. These 

standards are depicted in Table 2.3 below:  
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Table 2.3: Mangaung Local Municipality by-laws governing the discharge of industrial 
effluent.  
 

Parameters Limit Value 

pH 6-10 

EC 500 mS.m-1 

Caustic alkalinity (CaCO_) 1000 mg.L-1 

Vegetable oils, fats, grease, or wax (FOG) 400 mg.L-1 

Non-organic matter in suspension 100 mg.L-1 

COD 5000 mg.L-1 

Sulphate (expressed as SO3) 1500 mg.L-1 

Suspended solids (SSs) 1000 mg.L-1 

Phosphate and phosphate-containing compounds (expressed as P) 100 mg.L-1 

Source: Adapted from Local Government Notice No 60 of 26 September 2008 (To, Discharge & 

Industrial, 2008). 

Due to high pollution concentrations contained in abattoir effluent, it is important to minimise waste 

volumes, conserve all water sources, and limit housekeeping water usage. Most South African 

abattoirs have trouble implementing the required measures, therefore a degree of on-site pre-

treatment is recommended. Characterisation of the effluent can then be used to conceptualise, 

control, and optimise a series of physical, chemical, and biological processes for treating the effluent 

(Akpor & Muchie, 2011).  

 

Due to the physical and chemical composition and large amounts of residual waste from meat 

processing, it is necessary to treat all waste and effluent before disposal in the environment, a sewer 

system, or for reuse to comply with environmental legislation. Various physicochemical methods may 

be used in these treatment processes, but wastewater is often not treated comprehensively as the 

processes require high capital, specialised operations, and maintenance costs for the adjunction of 

non-reusable chemicals. Moreover, such processes  remove only 25 - 40% of BOD, 50 - 70% of SSs, 

and 35% of total COD while they do not remove soluble COD (sCOD), N, and protein concentrations 

(Crini & Lichtfouse, 2019). 

 

Biological treatment is an alternative as it removes organic compounds and pathogens from the 

effluent using microorganisms, and this process can thus remove more than 90% of pollutants from 
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wastewater (Bustillo-Lecompte & Mehrvar, 2017). Moreover, analysis of the microbial community can 

provide very important information for wastewater biological treatment (Samer, 2015). Studies of this 

nature are innovative and can help to maintain sustainability in the production processes of meat 

products, yet limited studies have been conducted on abattoir effluent, especially on effluent from 

red meat abattoirs (Mittal, 2004b; Moreroa & Basitere, 2022; Wu & Mittal, 2012). 

 

2.10.2 Microbial Diversity 

Microbial diversity refers to biological diversity that includes genes of the species, species number, 

and ecological diversity (Fakruddin, 2015). Major microorganisms commonly found in wastewater 

are viruses, bacteria, and fungi. These microorganisms are very important because they contribute 

to numerous waterborne disease outbreaks but can also be beneficial in wastewater treatment. 

Potential health risks are associated with waterborne pathogens found in abattoir effluent, and these 

constitute significant environmental and public health hazards. Pathogens present in animal 

carcasses or in animal waste may include Escherichia coli and other faecal coliforms (Osibanjo & 

Adie, 2007; Nafarnda et al., 2012). 

 

It is iterated that not all microorganisms present in effluent are necessarily harmful. Several studies 

have shown that bioremediation using living organisms is a feasible solution for treating contaminants 

found in wastewater. Depending on the final use of the water (drinking, recreation, or irrigation), 

several technologies can be used to remove these compounds. Biological wastewater treatment 

systems’ biotransformation, bioremediation processes, and bioenergy generation depend on the use 

of microorganisms. The unique abilities of microbes to degrade organic matter, remove nutrients, 

and transform toxic compounds into harmless products make them essential players in waste 

removal (Ayilara & Babalola, 2023; Ferrera & Sánchez, 2016; Sharma & Sharma, 2020). 

 

An understanding of consortia functioning could be achieved by gaining knowledge of different co-

existing microbial populations through the use of culture-dependent and culture-independent 

approaches. Microbial diversity is a growing field of study, and our increased knowledge of 

wastewater microbial diversity depends on the improvement of research approaches, such as those 

employed by the current study. In the past few years, culture-dependent and culture-independent 

technologies have been developed to assess microbial diversity. The conventional culture-

dependent methods illuminate information about the active heterotrophic component and the 

functional role of the population. However, the evaluation of microbial diversity based on these 
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methods has been limited to cultivatable cells and has accounted for the presence of only 1% of 

microorganisms. However, culture-independent methods allow for a better estimation of the 

microbiome diversity and the functionality of a community (Paul et al., 2016). 

 

Table 2.4: Advantages and disadvantages of the microbial diversity approach  
 

Method Advantages  Disadvantages 

Plate counts Fast  
Inexpensive 

Unculturable microorganisms cannot be 
detected.  
It is biased towards fast-growing 
microorganisms. 
It is biased towards fungal species that 
produce large quantities of spores 

Community-level 
physiological 
profiling (CLPP) 

Fast  
Highly reproducible  
Relatively inexpensive  
Able to differentiate 
microbial communities  
 

Only represents a culturable fraction of the 
community  
Favours fast-growing organisms  
Represents microorganisms capable of 
utilising available carbon sources  
Potential metabolic diversity 
Sensitive to inoculum density 

Nucleic acid re-
association and 
hybridisation 

Total DNA extracted  
Not influenced by PCR 
biases and DNA or RNA 
can be studied in situ 

Lack of sensitivity  
Sequences need to be in high copy number 
for detection  
Dependent on lysing and extraction 
efficiency 

Source: Adopted from Fakruddin, 2015 

2.10.3 Culture-dependent approach 

2.10.3.1  Plate count 

The most traditional method for assessing microbial diversity is selective and differential plating and 

viable counts. It is fast, inexpensive, and provides information about active and culturable 

heterotrophic microbial populations. The method selects microorganisms with fast growth rates and 

fungi that produce large numbers of spores. However, the culture method cannot reflect the total 

diversity of the microbial community (Wang et al., 2021; Zhang et al., 2021), but it does allow for the 

isolation, identification, and characterisation of individual microbes. 
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2.10.3.2  Community-level physiological profiling (CLPP) 

Microorganisms play an important role in many biological processes within an ecosystem and 

especially in the decomposition of organic matter. It is important to assess the entire population of 

the ecosystem because it makes it possible to obtain the most likely reflection of the natural 

environmental conditions. The enzymatic activity of microorganism populations reflects their 

composition (Teng et al., 2019). Changes in the enzymatic activity could be an indicator of the 

changes occurring in the microorganism populations under a wide range of conditions. The 

characteristics of the microbe community are detected by inoculating Biolog EcoPlate with a mixed 

culture of microorganisms within an environmental sample. The plate consists of 96 well microplates 

in which every well is a coat lyophilise substrate; the microbial population then gives a characteristic 

response pattern called a metabolic fingerprint by producing a colour (Mulcahy et al., 2007). The 

colour produced from the reduction of tetrazolium violet is used as an indicator of respiration of sole 

carbon sources. Direct incubation of these environmental samples produces patterns of metabolic 

response called the community-level physiological profile (CLPP) (Gryta, Frąc & Oszust, 2014). 

 

Figure 2.4: The BioLog Ecoplate which contains 96 well microplates of 31 carbon 
sources repeated in triplicate. The carbon sources are the most useful for community 
analysis. Three control wells contain water (Gałązka & Furtak, 2019) .  

 

Several studies have used CLLP as part of microbial community analysis for wastewater treatment. 

This method has also been used in soil quality analysis (Gałązka & Furtak, 2019), olive mill 
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wastewater sludge (Martínez-Gallardoa et al., 2021), and winery wastewater (de Beer, Botes & 

Cloete, 2018). 

 

2.10.4 Culture-independent approach  

2.10.4.1 Next generation sequencing 

Genomic analysis of composite environmental samples is an important tool that can be used to 

understand ecological biodiversity instead of focusing on laboratory cultivation or isolation of 

individual specimens. Advancements in conventional DNA‐sequencing technologies as proposed by 

Sanger and colleagues (1977) have led to large‐scale, broad‐scope biosystematics projects with a 

wide range of applications such as the Barcode of Life initiative (Hajibabaei et al., 2007). DNA 

barcoding uses standardised species‐specific genomic regions (DNA barcodes) to generate many 

DNA libraries for the primary purpose of the identification of unknown specimens. The 16S ribosomal 

RNA (16S) gene is commonly used in studies on bacteria, whereas the internal transcribed spacer 

(ITS) region of the nuclear ribosomal DNA is used in studies on fungi (Nilsson et al., 2008). In different 

cases, several other marker genes have been used for biodiversity analyses at different phylogenetic 

depths or in certain taxonomic group identification investigations. 

 

According to Sanger, Nicklen and Coulson (1977), the traditional DNA‐sequencing method can only 

sequence specimens individually; therefore, it is inadequate for processing complex environmental 

samples, especially in large‐scale studies. These samples often contain mixtures of DNA from 

hundreds or thousands of microbial species. Although conventional sequencing has provided the 

most efficient method for the development of large DNA barcode reference libraries, determining the 

number of individuals in an environmental sample is beyond its ability (Wilkinson et al., 2017).  

Recovering DNA sequences from the thousands of specimens present in an environmental bulk 

sample requires the ability to read DNA from multiple templates in parallel, which is something that 

next‐generation sequencing technologies do effectively and at ever‐lowering costs. 

 

Next‐generation sequencing (NGS) platforms have made it possible to recover DNA sequence data 

directly from environmental samples (Sogin et al., 2006). The taxa present in an environmental 

sample can be identified by comparing obtained sequences to a growing standard reference library 

of known organisms. To this end, the Illumina genome analyser was introduced in 2007. Due to its 

high capacity, it soon became a workhorse for whole-genome resequencing applications, including 

human and model organism genomic projects. There are multiple versions of Illumina sequencers 
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commercially available, but the most recent MiSeq2000 enables researchers to sequence an entire 

genome in 24 hours (Shokralla et al., 2012). 

 

Figure 2.5: The process of next-generation sequencing. A: Extracted gDNA from a 
sample, B: Preparation fragments of genomic DNA and addit ion of adaptors to 
generate a library, C: DNA fragments within the library are each sequence in parallel, 
D: Individual sequence reads are reassembled by aligning to a reference genome, E : 
The whole genome sequence is derived from the consensus of aligned reads.  

 

The literature highlights the importance of integrating metagenomic profiles, physicochemical 

parameters, and metabolic profiling (Fang et al., 2018). By combining these approaches, researchers 

can obtain a comprehensive understanding of the microbial community structure, function, and 

interactions within an effluent environment. Metagenomic profiling provides information on the 

taxonomic composition and functional potential assessed through BioLog Ecoplate data, while 

physicochemical parameters offer insights into environmental conditions. Integrating these 

approaches provides a holistic view of the microbial consortium in effluent samples. 

2.11 Conclusion 

Untreated effluent from red meat abattoirs poses severe problems in South Africa, and addressing 

this issue requires a multifaceted strategy. While a legislative framework exists for the treatment and 

handling of red meat abattoir effluent, the lack of enforcement necessitates a proactive approach to 

mitigate the environmental and financial impacts this threat poses. Pre-treatment is a good place to 

start to alleviate the burden on WWTPs. Among the pre-treatment methods, biological treatment 

stands out as a promising and potentially cost-effective solution. 
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However, the non-continuous flow and intricate composition of red meat abattoir effluent present 

formidable challenges to the application of conventional biological treatment methods. To overcome 

these challenges, a nuanced understanding of the effluent beyond regulatory compliance is 

imperative. It is particularly important to understand the intricacies of the composition of such effluent, 

with particular emphasis on physicochemical parameters, nutrient concentrations, and the microbial 

community. 

 

Customising the application of indigenous microbial communities can address the variable nature of 

effluent; however, before implementing such a strategy, the characterisation of the indigenous 

microbial community's capabilities is essential in understanding the microbial diversity and the 

metabolic pathways of the native microbiota. The comprehensive analysis of red meat abattoir 

effluent will ensure legislative compliance and will contribute to the broad goal of environmental 

conservation.  
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Chapter 3 

 Materials and Methods 

 

3.1 Introduction 

This study was carried out to establish a microbial diversity fingerprint for red meat abattoir effluent. 

The wastewater was assessed by measuring the physical, chemical, and microbial quality of the 

effluent. Microbiological diversity was also analysed using culture-independent methods because 

these approaches give more abundant and accurate information on microbial diversity than culture-

dependent methods (Liu & Haynes, 2011).  

 

3.2 Study Area 

The red meat industry is the second largest commodity in the food-production field following the 

poultry industry. It employs over 2 125 000 people involved in its value chain (Department of 

Agriculture, 2021a). Even though the industry plays a major role in the livelihood of people and in 

providing animal protein to the nation, it faces numerous challenges that prevent the industry from 

producing more meat and animal products. The country thus imports large quantities of various meat 

products from other countries (Department of Agriculture and Rural Development, 2009; Department 

of Agriculture, 2021b; South African Pork Producers Organisation, 2022). 

 

Eastern Cape, Northern Cape, Free State and Western Cape provinces predominantly farming 

sheep and cattle while goats are the least produced livestock in all provinces. South Africa slaughters 

on average 12 000, 10 000, and 27 000 cattle, sheep, and pigs respectively every week for red meat 

(Red Meat Producers Organisation (RPO), 2020). According to RPO statistics, a total of 603 835 

cattle, 526 859 sheep, and 1 354 924 pigs were slaughtered in 2019. The Free State is geographically 

situated in the centre of South Africa and is the third largest province with an area of approximately 

129 825 km2. Bloemfontein is the capital city of the province. The Mangaung Metropolitan 

Municipality where the city of Bloemfontein is located has the largest share of the province’s 

population(Food and Drug Administration, 2014). The area is dominated by agricultural activities that 
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contribute significantly to the province’s economy. Agricultural produce includes, among others, 

maize, wheat, potatoes, sunflower, red meat, vegetables, cherries, and dairy products. Industrial 

development, agricultural activities, and population growth are the reasons for the increase in water 

demand in the province. While high-quality water is essential for most industrial processes, many of 

these processes generate large effluents of contaminated wastewater, whose safe disposal into 

receiving water bodies is of great environmental and health concern (Botai et al., 2016).  

 

There are approximately 64 high throughput (HT) and 45 rural and low throughput red meat abattoirs 

in the Free State. The capacity of slaughter units slaughtered per annum at the HT abattoirs ranges 

from 12 316 up to 90 000 per year, with an average of 40 865 units slaughtered per year. The LT 

abattoirs average between 520 and 5 200 slaughter units per annum (Swanepoel, 2014). The sampling 

location for this study was an abattoir located in the industrial area of Bloemfontein City. It is a high 

throughput red meat abattoir (Grade A) that slaughters and processes ±1 900 beef, ±2 600 lamb, 

and ±500 pork sources per month, depending on availability and demand. The abattoir uses an 

average of 400 000 litres of water per day that is derived from a combination of municipal and 

borehole water. Approximately 82% of that fresh water is discharged as wastewater into the 

municipal sewer system with no pre-treatment other than a solids screen in the pipe system.  

 

3.3  Study Design 

This study was conducted in two sampling phases, namely a pilot study and a 10-day sampling event. 

A site visit to the abattoir was conducted to survey the area, and due to the complexity of the study, 

a pilot study was necessary to determine effluent flow rates, consistency, and adequate sampling 

intervals as well as a suitable sampling protocol to obtain a composite sample. 

 

The consecutive 10-day sampling event occurred during spring (October) when 5 litres of wastewater 

were sampled each day. The effluent quality was analysed to determine 12 physical, 8 chemical, and 

5 microbiological parameters. The biologically active microbial community was analysed using 

BioLog EcoPlates and the rest of the microbial community was analysed using Next Generation 

Sequencing (Figure 3.1). 
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Figure 3.1: Experimental design of the study. The diagram depicts when sampling 
occurred and the different physicochemical, microbiological, and microbial diversity 
properties analysed.  

 

3.4 Sampling Site 

The abattoir discharges its wastewater into the municipal sewer system. The sampling site of choice 

was the pipe that connects to the sewer, as depicted in Figure 3.2. This was deemed the best location 

as the effluent moves through this area with enough velocity to prevent the settling out and 

accumulation of solids, and thus a true reflection of the quality of the effluent being discharged was 

obtained. The effluent passes over a rotary screening mechanism which is the most often used and 

easiest process of primary effluent treatment (Flugaur, 2003; Naidoo, 1999). It was currently the only 

form of treatment used at this abattoir to remove large solids and grit material. These particles are 

then dried and recycled to be used as agricultural manure. 
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Figure 3.2: Abattoir sampling site. The image shows the rotary screening machine 
that the effluent passes through before being discharged into the municipal sewer 
system. Solids in the effluent that are greater than the mesh are trapped and later 
recycled. 

 

Rotary screening comprises of rotating cylindrical rollers that receive wastewater on one end. The 

effluent passes over a mesh that traps solid particles greater than the mesh size (such screens 

commonly use mesh that is 25-150 mm in diameter) and it is then ultimately deposited in the sewer. 

A continuous water stream from external spray nozzles is usually present. These nozzles spray water 

over the drum to prevent any clogging (Flugaur, 2003; Thajudeen, 2017). 

 

3.5 On-site Sample Collection  

Daily composite samples were collected by drawing a 10-second flow sample every 10 minutes 

throughout the day while the abattoir was fully functional. The samples were collected in a 110 L 

sterile collection vessel. A composite sample was deemed statistically more reliable than a grab 

sample because effluent volume, composition, and pollutant concentrations varied during the day 

based on process flow in the abattoir. Thus, the composite samples that were collected represented 

an average concentration of the effluence that was collected (Kinzelman et al., 2006; Nickel & Fuchs, 

2021). 
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Once the collection vessel was filled up, a sterile metal rod was used to stir the effluent for proper 

mixing of any settled solids. A sterile 1 L glass beaker was used to sample 2.5 L of the effluent and 

it was stored in a sterile 5 L plastic vessel and placed on ice in a cooler box. Depending on the 

production activities for the day, this process was repeated for a second time, unless production 

stopped early and only one collection vessel could be filled. On days when two collection vessels 

were filled, the 2.5 L of samples were combined before analysis.  

 

3.6 Physicochemical Analyses 

Five physicochemical properties were analysed on site: pH, temperature, electric conductivity, total 

dissolved solids, and dissolved oxygen. A battery-operated HQ40d multi-meter with the HACH LDO 

probe was used to determine DO and temperature and a Sension+ MM150 portable meter with 

pH+EC sensor probe was used to determine pH, EC, TDS, and temperature. The HACH direct 

measurement methods were 8157 and 8160 respectively. Calibration of the probes was done in the 

laboratory before sampling commenced and by following the manufacturer’s instructions (HACH, 

2016, 2017). On site, the appropriate probe was rinsed with distilled water before measurement and 

then dipped into the effluent storage container and measurement was recorded. The rest of the 

physicochemical properties were analysed in the laboratory at the Centre for Applied Food 

Sustainability and Biotechnology (CAFSaB) at the relevant tertiary institution.  

 

Settleable solids, ammonia, nitrate, phosphate, alkalinity sulphate, chloride, total chemical oxygen 

demand, and supernatant chemical oxygen demand were analysed using a spectrophotometer 

(Esterhuizen, 2014). A DR 6000 UV VIS spectrophotometer was used for all the HACH methods and 

the Orbeco Hellige SP600 spectrophotometer was used for the Lovibond methods. The DRB 200 

reactor (HACH) was used to digest samples for COD analysis. Each sample was diluted 10x. This 

was done to reduce the analyte that would be tested and to be within range for selected analysis 

methods. Table 3.1 indicates which method was used for which parameter. 
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Table 3.1: Physicochemical parameter analysis methods and ranges used for spectrophotometer 

readings 

 

Parameter Method 
Method 
number 

Range 
(mg. L-1) 

Type Supplier 

Ammonia Salicylate 8115 0.01-0.50 Powder Pillow HACH 

Nitrate Chromotropic Acid 10020 0.2-30 Test ‘n tube vials HACH 

Phosphate Ascorbic Acid 8048 0.02-2.50 Powder Pillow HACH 

COD Reactor Digestion 8000 20-1500 Test ‘n tube vials HACH 

Suspended solids Photometric 8006 5-750 N/A HACH 

Sulphate Sulfa Ver 8051 2-70 Powder Pillow HACH 

Alkalinity Alkalinity HR 31 5-500 Tablet Lovibond 

Chloride Silver Nitrate 93 5-250 Tablet Lovibond 

TKN Nessler 8075 1-150 Reagent solution HACH 

TOC Direct 10129 0.3-20 Test ‘n tube vials HACH 

 

The following general procedure was followed when using the spectrophotometer (HACH, 2021): 

• Start a program for the specific parameter being analysed.  

• Prepare a blank with either distilled water or the sample and shake the sample cell or test 

tube vial.  

• The cell or vial was inserted into the cell holder and zero was pressed.  

• A reagent powder pillow or tablet was added into the vial, shaken, and left for reaction time. 

• A vial was inserted into the cell holder and ‘read’ was pressed.  

• The value was the reading of that parameter within the effluent. 

 

Settleable solids were analysed using direct measurement, namely HACH method 8165. In this 

method, 1 L of the sample was poured into an Imhoff cone and left to stand for 1 hour to let the 

sample become stable. Once the time had lapsed, the graduated scale on the Imhoff cone at the top 

of the solids layer was reads in mL.L-1. The value was then multiplied by 1 000 to convert mL.L-1 to 

mg.L-1.   

 

Total solids and total volatile solids were measured using the gravimetric method using HACH 

method 8271 and 8276 respectively. An aluminium dish was placed in a drying oven at 500°C for 1 

hour. The dish was removed from the oven and left to cool in a desiccator. An analytical balance was 

used to weigh the dish (Value C), and then 50 ml of the sample was mixed and poured into the dish. 
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The sample was placed in the preheated oven and evaporated at 103°C for 4 hours. The dish was 

removed from the oven and left to cool in a desiccator. Once cool, it was weighed on an analytical 

balance (Value A). The dish was then put in a pre-heated muffle furnace at 500°C for 30 minutes, 

after which it was placed in a desiccator and left to cool. It was then weighed on an analytical balance 

(Value B). The loss of weight was the total volatile solids and the weighed residue was the total 

solids.  

 

The results were calculated as follows:  

Volatile solids (mg.L-1) = (A-B) x 1000                                                                        (1)    

A- Weight of sample + weight of aluminium dish (from oven) 

B- Weight of sample + weight of aluminium dish (from muffle furnace)  

 

Total solids (mg.L-1) = (A-C) x 1000                                                                           (2) 

B- Weight of sample + aluminium dish (from the oven) 

C-  Weight of empty aluminium dish 

 

FOG analysis, total Kjeldahl nitrogen (TKN), and TOC were conducted at A L Abbott and Associates 

laboratory based in Cape Town. This laboratory is SANAS-accredited for the specific methods that 

were performed. Samples were poured into 100 mL glass bottles and stored at -20°C. The FOG 

analysis samples were preserved with 200 µl sulphuric acid and the samples were transported to 

Cape Town using an overnight service with a refrigeration facility, cold chain preserved.  

 

3.7 Biological Analyses 

3.7.1 Culture-dependent analysis (enumeration) 

Three different types of selective media were used to study the viable microbial community according 

to the intended groups of microorganisms. The culture media were prepared by mixing specified 

commercial components according to the manufacturer’s instructions. The media were sterilised in 

an autoclave at 121°C for 20 minutes, then poured into 90 mm Petri dishes and left to dry overnight. 

Selective media isolates specific organisms and provides a growing environment conducive to some 

types of organisms and not others (Chiemchaisri et al., 2023; Jałowiecki et al., 2016; Tang & Lau, 

2022).  
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3.7.1.1 Rose Bengal Chloramphenicol Agar (RBC) 

RBC is recommended for the selective isolation and enumeration of fungi from environmental and 

food services. It contains chloramphenicol which inhibits most bacterial growth. Expected organisms 

are Candida albicans (pink, smooth, raised colonies) and Aspergillus brasiliensis (white and 

filamentous, black specks on colonies and mould) (Hardy Diagnostics, 2019). 

3.7.1.2 Nutrient agar (NA) 

This agar is a rich, general-purpose medium for the cultivation of less fastidious microorganisms and 

it can be enriched with blood or other biological fluids. Expected microorganisms were Pseudomonas 

aeruginosa, Salmonella typhi, Staphylococcus aureus, Streptococcus pyogenes, Salmonella 

enteritidis, Salmonella Typhimurium, and Yersinia enterocolitica, etc.  

  

3.7.1.3 Harlequin® E. coli/Coliform agar 

This agar is a selective medium for the simultaneous enumeration of Escherichia coli and coliforms 

in food and other environmental samples. The dual chromogenic substrate media make the different 

colony types easy to distinguish and allows rapid counting of both E. coli and coliforms on a single 

plate. E. coli (dark blue to violet), Enterobacter aerogenes (rose pink), and Pseudomonas aeruginosa 

(beige) were envisaged.  

 

The isolation of microorganisms from the effluent was achieved using a serial dilution; thus 1 mL of 

the sample was added to 9 mL saline, and so forth. Samples were diluted to 10-3. Aliquots of 100 µL 

of each dilution were plated on RBC, NA, and Harlequin® agar using the easy Spiral® pro automatic 

plater and incubated at 25°C for 72 hours and 30°C for 24 hours, respectively. Enumeration was 

performed using the Scan® 1200 automatic HD colony counter to determine the number of viable 

colonies in the samples.  

 

All yeast and mould isolates were cryopreserved in Yeast extract Peptone-Dextrose (YPD) medium 

(2% yeast extract, 4% peptone, 4% dextrose) that also contained 15% glycerol at -80°C. Yeast 

extract is a water-soluble compound generated when yeast is forced to self-digest, while peptone is 

a mixture of peptides and amino acids prepared by digesting animal protein with proteases and 

dextrose, or glucose, which is the favoured carbon source of yeast (Sherman, 2002). Bacterial 

isolates were cryopreserved in Microbank vials at -80°C. These vials contained 25 sterile coloured 

beads and a cryopreservative. These beads allow microorganisms to readily adhere to the bead 
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surface and can be kept for long periods at -80°C. The beads offer the least possibility of disturbance 

to the stored organism yet permit ready and rapid access (Pro-Lab diagnostic, 2012). 

3.7.1.4 Community level physiological profiling (CLPP) 

The metabolic potential of the effluent was evaluated using BioLog EcoPlate (Biolog Inc, n.d.). 

Measuring the community metabolic fingerprint over time ascertains characteristics of that 

community of microbes. CLPP is an effective way to distinguish spatial and temporal changes in 

microbial communities (Furtak et al., 2019). BioLog EcoPlates contain 96 wells containing 31 

different carbon sources plus a blank well, in three replications. Formulation of purple occurs when 

the microbes can utilise the carbon sources and begin to respire, reducing a tetrazolium dye included 

in the carbon sources. In addition, the substrates are subdivided into six groups: amino acids (n=6), 

amines (n=2), carbohydrates (n=10), carboxylic acids (n=9), phenolic acids (n=4), and polymers 

(n=4) (de Beer et al., 2018).  

 

Experimental setup and spectrophotometry 

Each BioLog EcoPlate was inoculated with 100 µL of 10-3 dilution of the sample and saline into 

the control well using a 12-channel micropipette. The plates were then incubated at 25°C for a total 

of 72 hours. Absorbance at 590 nm was measured using the SpectraMax® M2 microplate reader 

after 24, 48, and 72 incubation hours. Optical density (OD590) values obtained at 72 hours 

represented the optimal range of optical density readings and were used for assessing the microbial 

functional diversity and statistical analyses (Teng et al., 2019).  

 

The community of microorganisms exhibited a characteristic reaction pattern reflecting the metabolic 

properties of the community, which was the CLLP. The CLPP was assessed using functional diversity 

indices which were average well colour development (AWCD) (Equation 1), Simpson diversity (D) 

(Equation 2), Shannon evenness (E) (Equation 4), and richness (S) (Equation 6) (Grzadziel et al., 

2018). These characteristics in each reading interval for all samples were calculated using the 

formulae presented in Table 3.2. 
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Table 3.2: Formulae for the calculation of indices for average well colour development (AWCD), 
Simpson diversity (D), Shannon diversity (H'), Shannon evenness (E), and richness (S) 
 

Formula 
# 

Index Formula Definition Reference 

3 AWCD AWCD = ∑ ((C-R))/n C—reading of the well OD590 

R—reading of the control well 
OD590 

n—the number of substrates 
on an EcoPlate™ (31) 

Garland & 
Mills, 1991 

4 
Simpson 
diversity 

D = 1-∑ Pi2                                                                                                                                        Pi—proportional colour 
development of the well over 
the total colour development of 
all wells of a plate 

Grzadziel et 
al., 2018 

5 Shannon 
evenness 

E = H'/In S S—the number of wells with 
colour development (substrate 
utilisation richness) 

Zak et al.,1994 

 Shannon 
diversity 

H' = - ∑ Pi In Pi                  - Hill et al., 2003 

6 Richness S = number of 
utilised substrates 
with OD590 ≥0.25 

                 - Jalowiecki et 
al., 2016 

 

EcoPlate data processing and analysis  

The OD590 values of each plate were corrected by subtracting the water blank (well A1) absorbance 

value at t=0 from each well, which eliminated interference from the density of the inoculum with the 

results. The colour score in each well was expressed as AWCD (Equation 1). The normalised 

absorbance was used as a colour score for substrate utilisation in the form of a heat map. Wells with 

OD590 of less than 0.5 were considered as having no substrate utilisation. Wells with OD590 between 

0.5 and 2 were considered positive substrate utilisation and OD590 and above 2 were considered to 

have strong substrate utilisation.  

 

3.7.2 Culture-independent analysis (genetic diversity)  

3.7.2.1 DNA extraction 

DNA extraction is a method to purify DNA by using physical and/or chemical methods from a sample 

separating DNA from cell membranes, proteins, and other cellular components (Gupta, 2019). A 
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15 mL falcon tube of each sample was centrifuged at 7000 x g for 5 min. The supernatants were 

discarded and the pellets were stored at -80°C as an intact natural community. After the sampling 

period, all the frozen pellets were processed as one batch. Pellets were thawed on ice for 15 min. 

and then weighed on an analytical balance, ensuring that there was more than 80 mg of the pellet. 

Genomic DNA was extracted using the NucleoSpin DNA stool extraction kit according to the 

manufacturer’s instructions (Macherey-Nagel, 2023), with minor modifications. The kit contained a 

lysis buffer which, in combination with 5 min. heating, led to a chemical disruption of the membranes 

before mechanical lysis using ceramic beads.  

 

The undissolved material and beads were subsequently removed by short centrifugation. Proteins 

and PCR inhibitors in the sample were precipitated by adding a lysis buffer and short incubation at 

refrigerated temperatures, followed by an additional centrifugation step to remove all impurities. The 

supernatant was cleared by passing it through an inhibitor removal column that completely removed 

substances that could interfere with enzymatic reactions. Residual contaminants and other PCR 

inhibitors were removed by a washing procedure using binding and wash buffers. After drying, the 

DNA was eluted with elusion buffer.  

 

The nucleic acid concentration and purity were confirmed on the NanoDrop 2000 spectrophotometer 

(Thermo Scientific, USA). A purified gDNA sample of 1 µl was pipetted onto the pedestal and 

measured at a wavelength of 260 nm (A260). The elution buffer used for the DNA extraction (Tris/HCL) 

was used as a blank. The remaining purified gDNA was stored at -20°C until required. These 

composite samples were then sent to the Agricultural Research Council Biotechnology Platform 

(ARC-BTP) (Pretoria, South Africa) for Next Generation Sequencing (NGS) using an Illumina MiSeq 

system.  

 

3.7.2.2 Targeted metagenomic sequencing  

Analysis of the 16S ribosomal DNA gene was employed to identify the bacterial community, and the 

internal transcribed spacer (ITS) served to identify the composition of the fungal community. Region 

of interest-specific primers with Illumina adapter overhang nucleotide sequences were used for 

library construction. For the amplification of the 16S rDNA V3/V4 region the 16S forward primer: 5′-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’ and 16S 

reverse primer: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTA 
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ATCC-3’ were used (Dos Santos et al., 2021). For the amplification of the ITS2 region, the ITS3 

forward primer: 5' TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCATCGATGAAGAA 

CGCAGC-3’ and ITS4 reverse primer: 5' GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTC 

CTCCGCTTATTGATATGC-3’ were used (Yang et al., 2018). Both the bacterial- and fungal-targeted 

PCR products were approximately 550 bp in length.  

 

Impurities introduced during the initial amplification of the genes were removed by using AMPure XP 

beads (Beckman Coulter Genomics, USA). Negatively charged nucleic material bound to the 

magnetic beads, enabling easy separation from impurities within the supernatant. An index PCR was 

performed to introduce dual indices, which uniquely marked and distinguished samples from one 

another using Illumina sequencing adapters. The indexed PCR samples were subjected to a second 

clean-up with AMPure XP beads.  

 

Library quantification, normalisation, pooling, and denaturing were done before being subjected to 2 

x 300 cycle sequencing on the Illumina MiSeq sequencing platform using the MiSeq v3 reagent kit 

(Illumina). The MiSeq platform utilised a sequencing-by-synthesis approach, where DNA fragments 

were amplified, attached to a solid surface, and then sequenced in a cyclic process. Relatively short 

read lengths were generated that typically ranged from 150 - 600 base pairs depending on the 

specific sequencing chemistry and kit used (Illumina, 2021).  

 

Bioinformatic processing of sequence read data was performed using the QIIME2 program. 

Demultiplexed paired-end sequences were trimmed, denoised, and chimeric sequences were 

removed. DADA2 was used for quality control processing and grouped the sequences into amplicon 

sequence variants (ASV) based on 99% sequence similarity (Cason et al., 2020). The sequence 

reads were first filtered with an expected error threshold of 2, combined with the trimming of 10 

nucleotides from the start and end of each read. Filtered reads were then de-replicated by combining 

identical reads into unique sequences and constructing consensus quality profiles for each combined 

lot of sequences. The consensus quality profiles then informed the de-noising algorithm which 

inferred error rates from samples and removed identified sequencing errors from the samples. After 

building the ASV table and removing chimeras, taxonomy was assigned using the SILVA 132 

database for the bacterial data (Quast et al., 2013) and UNITE for the fungal data (Abarenkov et al., 

2010). 

 

© Central University of Technology, Free State



47 
 

Output files from QIIME2 were imported into R v3.6.11 (R-Core Team, 2013) and the phyloseq 

package (McMurdie & Holmes, 2013). ASVs were rarefied. Rarefy is used to normalise microbiome 

counts from libraries of different sizes by resampling the ASV table to ensure that all samples have 

the same library size. Normalisation refers to the process of eliminating artefactual biases within a 

dataset by transforming the data, which intends to enable an accurate comparison of statistics from 

varying measurements (Weiss et al., 2017). The richness and phylogenetic diversity (PD) were 

calculated using the package picante in R (Kembel et al., 2010). 

 

3.7.3 Statistical analysis 

The statistical analyses and graphical representation of the research data were conducted using 

Microsoft Excel. To begin the analysis, the raw research data were inputted into Excel, organising 

the information in a structured manner. Excel's built-in functions such as mean, median, standard 

deviation, and correlation were employed to compute descriptive statistics and explore relationships 

between variables. These calculations provided valuable insights into the central tendencies, 

variability, and associations within the dataset. 

Furthermore, Excel's charting capabilities were utilised to generate visual representations of the 

research data. Box plots and bar graph heatmaps were constructed based on the nature of the 

variables and the intended communication of the results. Pearson’s correlations were made and 

analysed by principal component analysis (PCA) and agglomerative hierarchical clustering (AHC) 

using the XLSTAT Premium 2022.3 x 64 version (Maguvu et al., 2020). 

 

In addition to the statistical analyses and graphing, Excel's spreadsheet functionalities facilitated data 

management and organisation. The software allowed for data manipulation, sorting, filtering, and the 

creation of calculated columns while it also ensured flexibility and control during data exploration and 

preparation. 
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Chapter 4 

Results and Discussion 

 

4.1 Introduction 

A holistic approach was adopted to monitor the physicochemical properties of the abattoir 

environment and determine the microbial diversity and functionality of the red meat abattoir effluent 

that was analysed. This approach elicited information on the environmental characteristics, active 

heterotrophic components, functional roles, and identities within the microbial population that were 

observed (Ma et al., 2015; Paul et al., 2016; Safford et al., 2022). 

 

4.2 Experimental Design 

The pilot study showed where the main sampling failures could potentially occur, and the researcher 

was able to determine where research protocols might not be followed and whether proposed 

methods or instruments would be inappropriate or too complicated. By adopting this approach, 

potential practical problems that could occur were identified. A consecutive 10-day sampling period 

was subsequently conducted and pH, temperature, EC, TDS, and DO were analysed on site due to 

sensitivity to change during storage and transportation. Portable pH probes (which could also 

measure EC, temperature, and TDS) and DO probes were used. The rest of the physicochemical 

parameters were analysed in a well-equipped laboratory.  

 

4.3 Sampling 

Sampling was conducted for 10 consecutive days and could only occur on days when the abattoir 

was operational, thus excluding weekends and cleaning days when a thorough cleaning and 

disinfection of the premises occurred. Each of the sampling days produced enough effluent to fill the 

collection vessel for analysis (i.e., a total of 5 L). A diverse array of animals was slaughtered at the 

abattoir each day, and this contributed to the dynamic nature of the abattoir’s operations. The 

selected abattoir's role is to serve as a central facility for processing multiple species of livestock 

such as cattle, sheep, goats, and other red meat-producing animals. The daily intake of different 
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animals creates a challenging and complex environment and demands versatile processing 

techniques to cater for the specific requirements of slaughtering each species in a humane and 

hygienic manner. Figure 4.1 illustrates the different livestock slaughtered on each sampling day.  

 

 

Figure 4.1: Specific livestock and their numbers slaughtered on each sampling day 

 

The slaughtering of diverse animal species at one abattoir introduces a wide range of unique 

microbial communities associated with skin, fur, and internal organs, and this variety contributes to 

a complex and diverse microbial ecosystem within such an abattoir. Moreover, the influx of metabolic 

activities from different animals enriches microbial diversity and enhances functional versatility 

(Madoroba et al., 2021). Moreover, physicochemical parameters play a crucial role in shaping the 

overall microbial diversity at an abattoir and influence the stability and functionality of this 

environment. The coexistence of microbial communities from various animal sources further provides 

opportunities for intricate interactions, and these impact the complex ecosystem dynamics. 

 

4.4 Physicochemical Parameters 

The design, control, and operation of a wastewater treatment system mostly depend on the nature 

of the wastewater, and it is therefore essential to characterise the main components of wastewater, 
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especially its organic content for efficient treatment. Parameters such as COD, TSS, and nitrogen 

levels are carefully monitored in South Africa, and the primary goal for regulatory bodies is to 

minimise the values of these factors (Modin et al., 2016; Moreroa & Basitere, 2022).  

 

By analysing the chemical and physical parameters of the wastewater, the characterisation of the 

sampled red meat abattoir effluent and the identification and quantification of different compounds 

found within the wastewater were facilitated. The results of the physicochemical qualities of the 

wastewater samples are presented in Table S1 (Supplementary Table 1). In South Africa, industrial 

effluent discharge is regulated by the Department of Water Affairs (1998). Most abattoirs are located 

within municipal boundaries and their effluent is discharged and treated at a municipal sewage 

treatment plant. Municipalities impose minimum discharge standards but, unfortunately, there are no 

specific standards or guidelines in existence that regulate all the physical and chemical parameter 

limits for the discharge of industrial effluent (GDARD, 2009).  

 

According to Mangaung Municipal by-laws, eight physicochemical parameters should be monitored, 

and these were the ones analysed in this study, namely: pH, electric conductivity, fats oils and 

grease, total suspended solids, chemical oxygen demand, alkalinity, sulphates, and phosphates. The 

samples of three of the parameters (37.5%) showed non-compliance with the set limits 

(Supplementary Table 1). Wastewater discharge non-compliance is very costly for any municipality, 

and such non-compliant industries affect the bottom-line profitability through increased charges, 

fines, and high monitoring costs. The inflow of non-compliant effluent also leads to poor levels of 

sewage purification and such sewage that is then discharged into water courses poses various 

threats to humans, animals, and the environment (Iloms et al., 2020; Mema, 2019). 

 

The overall total solids that were detected ranged between 1327 - 7050 mg.L-1, with varying values 

on the different sampling days. No pattern was identified between the comparison of solids and the 

species slaughtered. A total of 85% of the TS belonged to TVSs which obtained an average of 3278 

mg.L-1 (Figure 4.2). TVSs are organic and thus volatise during combustion. Organic solids, whether 

dissolved or suspended, have a greater impact on wastewater treatability, potential toxic by-product 

formation, and membrane fouling than inorganic solids (Hamilton & Zhang, n.d.; Hande Gursoy-

Haksevenler & Arslan-Alaton, 2020). The prevalence of high TVSs in abattoir effluent is a widespread 

and anticipated characteristic as it is inherent to the nature of slaughterhouse activities (Gutu et al., 

2021). The diverse range of animal tissues processed, coupled with variations in processing 
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techniques, contributes to the ubiquity and variability of TVS levels in the effluent. This common 

occurrence necessitates a thorough understanding of the specific challenges posed by elevated 

TVSs in abattoir wastewater (Michael et al., 2020).  

 

High levels of TVS pose challenges to biological treatment processes within wastewater treatment 

plants. The organic load can strain microbial communities responsible for decomposition, potentially 

resulting in reduced treatment efficiency and prolonged treatment times. This may also contribute to 

undesirable odours and thus require additional operators to implement effective odour control 

strategies. 

 

The study found that TDSs (825 mg.L-1) averaged higher values than TSSs (739 mg.L-1); however, 

only TSSs are regulated due to the possibility of sewer pipe blockages and reducing the effluent flow 

rate (Otsuka et al., 2020). Samples 3, 5 and 7 were above the limit of 1000 mg.L-1 in the Mangaung 

by-laws. Cattle, sheep, and pigs were slaughtered on these sampling days in varying numbers. In 

Figure 4.2 below the box plot shows how largely distributed the values of the TSSs (Range 176-1430 

mg.L-1) were compared to those of the TDSs (range 628-1217 mg.L-1).  

Figure 4.2: Boxplot showing the different solids within the effluent. The values within the box (X) are 

the average of 10 samples. The dots above the box represent the outliers 
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It was found that 30% of the abattoir effluent samples had TSS concentrations higher than the 

acceptable limit, indicating that the screening process that is implemented as a form of pre-treatment 

may not be consistently effective in removing solids to meet the specified standards. The higher-

than-acceptable concentrations suggest that the screening system may need adjustment, 

improvement, or more frequent maintenance to enhance its performance. Possible considerations 

and actions could include screen maintenance and improved screen design and size. However, if 

the process consistently falls short of meeting the acceptable limits, considering the incorporation of 

additional pre-treatment steps such as sedimentation or additional filtration to complement the 

screening process may help address variations in the concentration of solids and improve overall 

treatment efficiency.   

 

FOG is another regulated parameter of concern in abattoir wastewater. This arises from the fat being 

trimmed in the slaughtering process, and this fat often solidifies at suitable temperatures and thus 

forms part of suspended solids (Mittal, 2006; Moreroa & Basitere, 2022). As mentioned previously, 

TSSs can cause operational damage such as clogging pipes and causing bad odours. They may 

also create a breeding site for flies, insects, and pathogens. FOG values were <1 on all the sampling 

days, indicating that the screening process was efficient in removing suspended solids as FOG was 

not present. 

 

The overall COD ranged between 1220 - 9160 mg.L-1. Figure 4.3 shows that the levels of five 

samples were above the limit set by the Mangaung by-laws of 5000 mg.L-1 (samples 1, 3, 4, 5, and 

7). COD is the amount of strong oxidant required to break down organic matter. Total tCOD is made 

up of a particulate and soluble fraction. It has been reported that large abattoirs in South Africa may 

generate wastewater with COD values of around 1217 and 5025 mg.L-1 (GDARD, 2009; Müller, 

2017). The main pollution source in abattoir effluent is the high quantity of blood which contains high 

levels of COD and organic matter that can significantly influence microbial activity.  

 

Microbes, particularly bacteria, thrive on the organic compounds present in high COD wastewater as 

they are sources of carbon and energy. However, excessively high COD levels can present 

challenges, such as oxygen depletion in aerobic conditions and potential toxicity due to breakdown 

products. This overwhelms microbial communities, reduces treatment efficiency, and leads to 

incomplete degradation of organic pollutants. Adequate oxygen supply is also crucial in aerobic 

treatment processes to avoid anaerobic conditions and the production of undesirable by-products. 
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High COD levels can also impact sludge production and negatively influence the characteristics and 

management of the sludge generated during treatment (Silva & Rosa, 2021). Płuciennik-Koropczuk 

and Myszograj (2019) argue that distinguishing between total COD and soluble COD is essential. 

Total COD encompasses both soluble and insoluble organic compounds, offering a comprehensive 

measure of the overall organic load. Soluble COD, on the other hand, specifically represents the 

fraction of organic matter readily metabolised by microorganisms during treatment (Płuciennik-

Koropczuk & Myszograj, 2019; Zhang et al., 2021). In the current study, soluble COD (sCOD) was 

analysed by centrifuging each sample and analysing the solubility without the interference of 

settleable particulates. 

 

Figure 4.3: Boxplot showing tCOD and sCOD of the effluent. The values within the box (X) are the 

average of 10 samples. The dots above the box represent the outliers. Mangaung Municipality by-

laws threshold limit is noted with a dashed red line and text on the right. 

 

Figure 4.3 depicts a slight shift in the tCOD and sCOD values. Due to the removal of the particulates 

in the samples, the COD was reduced. Two outlying values are evident for sCOD, as sample 3 was 

slightly reduced from 9160 mg.L-1 to 8270 mg.L-1 but still above being an outlier. Sample 6 was 

considerably lower and further reduced from 1220 mg.L-1 to 740 mg.L-1, which was well below the 

other values. According to Kink (2016) and Turano et al. (2002), screening and filtration are effective 

methods to determine COD load reduction, which has a significant impact on effluent. It is thus 

proposed that settling the effluent as a form of pre-treatment at this abattoir could aid in the removal 
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of soluble COD. During settling, solid particles, including some organic matter, settle to the bottom 

of a tank, resulting in a clarified effluent. While settling primarily targets suspended solids, it can also 

contribute to the removal of some dissolved organic compounds, thereby reducing the soluble COD 

content. 

 

DO values ranged from 0.9 - 3.32 mg.L-1 for 90% of the samples, which indicated that the condition 

of the effluent was aerobic, except sample 3 of 0.48 mg.L-1 that was anaerobic. Dissolved oxygen is 

a critical factor for aerobic microorganisms involved in the breakdown of organic matter within 

effluent. Adequate DO levels sustain aerobic conditions and support the growth and activity of these 

microorganisms, while insufficient levels can lead to anaerobic conditions that potentially 

compromise treatment efficiency and cause the production of undesirable by-products (Skouteris et 

al., 2020). WWTPs therefore regularly monitor DO levels because they are instrumental in optimising 

treatment processes. The information that is elicited is then used to make necessary adjustments to 

aeration systems or other components to ensure favourable conditions for aerobic microbial activity. 

Inadequate DO levels not only impact microbial health, but can also lead to the generation of foul-

smelling compounds, and this necessitates vigilant monitoring to prevent odour issues (Daskiran et 

al., 2019; Meng et al., 2019). Figure 4.4 shows the results of the remaining physicochemical 

parameters that were measured. 
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Figure  4.4: Boxplot showing the results of physico-chemical parameters of the red 
meat abattoir effluent. Mangaung Municipality by -laws threshold limits are indicated 
with a dashed red line and text on the right for alkalinity. The X within each box is the 
average of the 10 samples and the l ine in the interior of the box is the median. The 
top whisker above each box represents the highest value and the bottom whisker 
below each box represents the lowest value. The plots outside are the outlier values.  

 

Total Kjeldahl nitrogen (TKN) indicates a combination of organic nitrogen and ammonia nitrogen 

concentrations, the highest values for TKN were observed on sampling day 3 (701 mg.L-1), day 7 

(491 mg.L-1), and day 5 (456 mg.L-1). The observation of elevated TKN levels on specific sampling 

days highlights a substantial nitrogen load on those days. To elucidate the composition further, a 

separate analysis of ammonia is suggested. This can be achieved by subtracting its value from TKN 

to determine the concentration of organic nitrogen. This analytical approach will enhance 

understanding of the nitrogen concentrations present in the effluent and aid in the evaluation of 

potential treatment processes.  

 

The average concentrations of ammonia and nitrate of the sampling days were 34 and 50.1 mg.L-1 

respectively. These concentrations highlight the importance of these key nitrogen forms in the 

nitrogen cycle. Explorations of ammonia in biological treatment systems have reflected the dynamic 

nature of nitrogen transformations. The current study found that, when TKN exceeded ammonia 

concentration (Figure 4.4), the intricate interplay between ammonia addition from organic nitrogen 

breakdown and removal through nitrification complicated the determination of nitrification efficiency. 

This imbalance holds implications for the nitrogen cycle as it suggests that it affects ammonification 

and nitrification processes. Overall, scientific insights derived from analysing TKN and ammonia 

concentrations offer a valuable perspective on the nitrogen dynamics within red meat abattoir 

effluent. From the biological treatment system perspective, this information can contribute to better 

informed and more effective wastewater management strategies (Applequist, 2012; Wastewater 

Blog, 2022).  

 

The profile of EC observed throughout the samples varied from 78.6 - 152.15 mS.m-1. The highest 

value was observed for sample 3 when cattle and sheep were slaughtered, and the lowest value was 

observed for sample 6 when pigs were slaughtered. EC values below the recommended limit of 500 

mS.m-1 (Figure 4.4) were observed for all the samples (i.e., 100% compliance). The observed EC 

values suggest the existence of dissolved inorganic substances in ionized form within the effluent, 

and that this contributed to the TDS and salinity levels. The presence of these dissolved inorganic 
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substances also suggests the potential existence of chemicals that may have inhibitory effects on 

microbial growth. The mean TDS concentration was 825.25 mg.L-1, which demonstrated a direct 

proportionality with the EC values as it followed a consistent pattern. Specifically, the highest TDS 

concentration in sample 3 (1217 mg.L-1) corresponded with the peak EC value, while the lowest TDS 

concentration in sample 6 (628 mg.L-1) aligned with the lowest EC value. This correlation highlights 

the interdependence between EC and TDS concentrations in the effluent, emphasising the 

significance of EC measurements as an indicator of the chemical composition and salinity of the 

wastewater, as proposed by Wu and Mittal (2012).  

 

The permissible value of alkalinity as recommended by Mangaung Municipal by-laws is 1000 mg.L-1 

for CaCO3. However, the alkalinity concentration levels of the wastewater samples collected in the 

study site ranged from 890 - 1640 mg.L-1, and thus a 90% non-compliance with the by-laws was 

observed (Figure 4.4). Sample 6 (890 mg.L-1) was the only sample below the acceptable limit of 

1000 mg. L-1. Talukder and Selvakumar (2015) state that alkalinity and pH are important factors in 

determining the amenability of wastewater to biological treatment as these variables affect the rate 

of microbial growth and the function of metabolic enzymes.  

 

The phosphate levels observed in the samples ranged between 15.5 - 56.2 mg.L-1 and were thus 

within the recommended guideline of 100 mg.L-1. Phosphate is generally considered an undesirable 

factor in aquatic environments as it leads to various ecological challenges in water systems. High 

levels of phosphate and nitrates increase oxygen demand and low levels favour the growth of 

filamentous bacteria (particularly at activated sludge treatment plants), which results in bad settling 

and thickening properties of the sludge. A decline in the ability of sludge to thicken can serve as a 

practical indicator of phosphate deficiency. Phosphate plays a crucial role in wastewater treatment 

processes and biological treatment systems, particularly in terms of the formation of microbial 

biomass. When phosphate is limited, microorganisms may struggle to form an effective biomass, 

leading to a decrease in the ability of the sludge to thicken (Kroiss et al., 2011).  

 

The analysis of sulphate and chloride in the effluent was crucial due to their predominant presence 

in cleaning agents and detergents commonly used in abattoirs for hygienic purposes. It was found 

that  sulphate concentrations were within the Mangaung Municipal by-law level of 1500 mg.L-1 as 

they ranged between 10 - 130 mg.L-1, while it was found that chloride concentrations ranged between 

141 - 213 mg.L-1 over the sampling period. Mittal (2004a) argues that compounds such as sodium 
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lauryl sulphate, sodium laureth sulphate, and other sulphate-containing surfactants and residues 

containing sulphates are known to disrupt the cell membrane integrity of microorganisms by 

interacting with lipids and proteins, leading to cell lysis and ultimately cell death. This inhibitory effect 

can reduce the overall microbial population in wastewater, including beneficial microbes responsible 

for biodegradation processes. For instance, enzymes responsible for the breakdown of fats, oils, and 

grease (e.g., lipases) may be particularly sensitive to inhibition by these surfactants. This selective 

inhibition can compromise the efficiency of wastewater treatment systems and lead to the 

accumulation of organic pollutants (Chandra et al., 2020). 

 

Another group of chemicals comprises chlorides that are commonly present in cleaning and 

disinfection agents. For example, sodium hypochlorite (bleach) is one such common ingredient. 

These chlorine-based compounds can lead to the presence of chlorides in red meat effluent. High 

concentrations of chloride ions contribute to the saltiness of water, thus increasing the 

aggressiveness of the aqueous environment towards metals and exacerbating the corrosion process. 

Additionally, chloride ions can enhance the conductivity of water, thus facilitating faster 

electrochemical reactions involved in corrosion which can compromise the structural integrity and 

longevity of equipment and pipes used for effluent discharge (Chen et al., 2021; Xu et al., 2022). 

Abattoirs therefore need to consider the types and quantities of cleaning agents they use and they 

should implement proper cleaning practices. They should also explore the viability of environmental-

friendly cleaning products without compromising cleanliness and sterilisation.  

 

In terms of pH, the levels in the samples ranged from 7.19 (sample 5) - 7.70 (sample 8) (see 

Supplementary Table 4.1). The mean pH values recorded for all the samples over the 10-day period 

were within the guideline limit for discharged effluents into the municipal sewer system. The overall 

pH of the wastewater that was tested was neutral (pH 7.48) and ideal for the existence of biological 

life. Bacteria and other organisms that play an active role in wastewater treatment are most effective 

at a neutral to slightly alkaline pH of 7 to 8 (Edokpayi et al., 2017; Z. Li et al., 2020). 

 

A wastewater temperature of above 35°C is associated with negative effects on biological activity 

during the treatment process as it may reduce waste treatment efficiency (Mahgoub et al., 2016). 

The overall temperature of the current samples ranged between 24°C - 28ºC on all sampling days. 

The temperature profile was quite consistent throughout and only a slight difference was observed 

among the different sampling days. The highest value was for sample 6 (28.2°C), followed by 
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samples 7 (26.53°C) and 5 (26.25°C), while sample 8 (24.85°C) had the lowest temperature. On 

sample day 6, only one species of animal was slaughtered, namely 185 pigs. The increased 

temperature on this day was not unexpected as an additional step of scalding is required during pig 

slaughtering. In this step, pigs are submerged in a scalding tank for around 6-10 minutes depending 

on the water temperature that should ideally range between 58°C - 62°C to loosen hair follicles for 

dehairing (Carroll et al., 2015; Kongsted et al., 2020). 

 

4.5 Biological Diversity 

4.5.1 Culturable Microbiome  

The microbiological enumeration revealed the presence of both bacterial and fungal populations in 

all the samples on all the survey days. The bacterial species that were isolated included coliforms, 

Enterobacter aerogenes, Pseudomonas aeruginosa, faecal coliform E. coli, and non-fastidious 

bacteria. The fungal species that were isolated were yeast and mould. Table 4.1 below presents the 

total viable counts in the abattoir effluent. The microbial community was dominated by bacteria, with 

levels in the range of 1.08 - 5.26×106 CFU.mL−1. The average value of the yeast count for the abattoir 

effluent was 5.32×103, while that of the mould was 7.10×101 CFU.mL−1. These results are consistent 

with those of other studies that found a predominance of bacteria versus fungi in abattoir effluent as 

well as considerable levels of E. coli and coliforms (Ijah et al., 2022; Jabari et al., 2016a). 

 

The water samples harboured bacteria of varying counts on the different sampling days. It was 

observed that the counts were highest on sampling day 2 and lowest on sampling day 5. Sampling 

day 2 was when cattle and pigs were slaughtered and sampling day 5 was cattle only. This was not 

a consistent pattern because other sampling days when cattle and pigs were slaughtered, such as 

sampling days 7, 8 and 10, did not display such high microbial counts (Moreroa & Basitere, 2022).   

 

Amongst the coliform bacteria, Enterobacter aerogenes had the highest average of 1.18×105 

CFU.mL-1, followed by Pseudomonas aeruginosa with an average of 8.04×104 CFU.mL-1 and E. coli 

with an average of 2.78×104 CFU.mL-1. Enterobacter aerogenes and E. coli are normal inhabitants 

of the intestinal tract of animals, including livestock processed in abattoirs. Contamination of abattoir 

effluent can occur through faecal material from slaughtered animals (Wang et al., 2022). 

Pseudomonas aeruginosa is a ubiquitous bacterium commonly found in soil, water, and various 

environments. P. aeruginosa can enter abattoir effluent through contaminated water sources used in 
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processing operations. Additionally, it may be present in the surrounding environment and introduced 

into the wastewater system through runoff water or other environmental pathways (Adesoji et al., 

2016).  

Table 4.1: Highest and lowest CFU.mL−1 values of total viable microbial population in the abattoir 
effluent  
 

Sample Bacteria E. coli  
Enterobacter 

aerogenes 

Pseudomonas 

aeruginosa 
Yeast Mould 

1 4,24E+06 1,40E+04 1,17E+05 6,10E+04 7,75E+03 3,00E+00 

2 5,26E+06 1,50E+04 2,01E+05 6,60E+04 6,82E+03 4,00E+00 

3 1,32E+06 1,30E+04 1,48E+05 1,18E+05 5,63E+03 2,30E+01 

4 3,02E+06 9,60E+04 9,20E+04 1,08E+05 6,15E+03 1,00E+00 

5 1,08E+06 3,00E+04 1,60E+05 8,30E+04 4,30E+03 1,30E+01 

6 1,69E+06 2,80E+04 2,08E+05 5,60E+04 1,66E+03 7,00E+00 

7 1,52E+06 5,00E+03 5,60E+04 9,20E+04 4,81E+03 5,00E+00 

8 1,47E+06 3,50E+04 7,20E+04 4,40E+04 5,38E+03 2,00E+00 

9 2,18E+06 2,00E+03 2,70E+04 1,04E+05 7,71E+03 1,10E+01 

10 2,75E+06 4,00E+04 1,02E+05 7,20E+04 2,98E+03 2,00E+00 

Average 2,45E+06 2,78E+04 1,18E+05 8,04E+04 5,32E+03 7,10E+00 

Note: The selected media were conducive for different types of microbes but, for the purpose of this 

study, only the levels of the specified microbes were determined. 

 

Yeast counts were higher on sampling days 1, 2, and 9 than on the other days. On these former days 

cattle were slaughtered. Mould counts were highest on sampling days 3, 5, and 9, which were days 

when cattle and sheep were slaughtered. Fungi form a group of microscopic non-photosynthetic 

plants that include yeasts and moulds. Yeast is widely used as a feed supplement for livestock while 

moulds are filamentous fungi that bear a resemblance to higher order plants in structure with 

branched, fractal-like growths. Fungi tend to compete disadvantageously with bacteria for nutrients, 

so their numbers are low in the presence of bacteria. Fungi such as moulds are nuisances in many 

biological wastewater processes because of their filamentous nature which interferes with floc 

settling in flocculation and sedimentation basins (Climate Policy Watcher, 2023; Zhang et al., 2018). 
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4.5.2 Functional Diversity 

When living as an organised consortium, bacteria exhibit enhanced efficiency in degradation 

processes. This efficiency is attributed to the employment of various communication strategies 

among the microbial community during the degradation of environmental substances. Their efficiency 

is due to the presence of multiple microorganisms within the consortium, each possessing distinct 

metabolic capabilities. These diverse metabolic pathways enable the bacteria to collaborate 

effectively within the consortium and facilitate the degradation of a broad range of materials found in 

the environment (Jamal et al., 2018; Koh & Khor, 2023).  

 

The functional analysis of microbial communities allows the clarification of the interactions between 

the organisms and the environment. In this study, analyses were performed using Biolog 

Ecoplates, which is a culture-dependent approach that reveals the most active populations within 

the microbial community and thus illuminates the community’s physiological patterns (Feigl et al., 

2017). The Biolog Ecoplates contain 31 substrates that can potentially be used as nutrients by 

microorganisms within a community. The substrates in the wells can be subdivided into five groups: 

carbohydrates (n = 10), carboxylic and acetic acids (n = 9), amines and amides (n = 2), amino acids 

(n = 6), and polymers (n = 4) (Martínez-Gallardo et al., 2021). Table 4.2 shows the average well 

colour development (AWCD), the number of substrates metabolised (‘functional richness’), and other 

functional biodiversity indices of the microbial community of the samples measured after an 

incubation period of 72 hours. The number of substrates utilised by the effluent community averaged 

30 out of the 31 carbon sources. A similar trend was also found in the carbon substrate categories 

for the intensity of metabolic activity, as shown by the AWCD in Figure 4.5 below. Metabolic activity 

was detected in all five the substrate categories. 

 

The functional biodiversity that is expressed as Shannon index (H′) was moderately high in all 

samples, with values ranging between 3.29 (sample 6) - 3.38 (sample 2). The Simpson index (D), 

which was used to quantify the diversity of the microbial community, was 0.962 (±0.0012), thus 

displaying a very diverse community. While the evenness values (E-values) indicated a very similar 

metabolic profile for the samples ranging from 0.95 (sample 6) - 0.98 (sample 2), this compared the 

similarity of population sizes between each of the species present in the community. The E-values 

depicted the presence of a large abundance of species. These results revealed that the functional 

biodiversity of the effluent was quite consistent, which was irrespective of the number of animals and 

species of animals slaughtered on the day.  
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Table 4.2: Richness and diversity indices of the physiological profile 

at community level using BioLog Ecoplate analysis (10 red meat 
abattoir effluent samples)  
 

Sample H' D E R 

1 3,344026 0,961978 0,973803 30 

2 3,375262 0,960817 0,982899 30 

3 3,353774 0,963470 0,976641 30 

4 3,353146 0,963668 0,976458 30 

5 3,356902 0,963596 0,977552 30 

6 3,292848 0,959138 0,958899 29 

7 3,353449 0,960529 0,976547 30 

8 3,326756 0,962031 0,968774 29 

9 3,313916 0,961113 0,965035 29 

10 3,349023 0,963062 0,975258 30 

 

The relative abundance of the metabolic activities grouped according to the chemical family of the 

substrates is shown in Figure 4.5. The dominant functional activities were those related to the 

metabolism of polymers (24%) and carbohydrates (20.6%), followed by those of amino acids 

(20.3%), carboxylic acids, and amines and amides that were less represented with relative average 

abundances of 17% and 16.9%, respectively.  
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Figure 4.5: Relative abundance of metabolic activit ies according to average substrate 
well colour development (AWCD) of substrate categories consumed by microbial 
communities in the effluent 

 

These results show that the microbial community found in the effluent was prone to biodegradation 

of polymers which was mainly associated with the activity of fungal and Actinobacteria populations. 

These are known to be the main microbial groups involved in the utilisation of polymers because of 

the production of extracellular enzymes (Khanna Kapur et al., 2018). Sample 2 appeared to be the 

extreme case as 29% of the overall metabolic activity was related to the polymer-utilising activity.  

 

Carbohydrates are intermediates of organic matter degradation and they were the second highest 

utilised carbon source amongst the samples. They are precursors for the synthesis of many 

biochemically active compounds and are important in terms of interactions between organisms of 

different trophic levels, thus having great significance for plant nutrition and phytoremediation 

(Lojkova et al., 2020). Samples 4, 5, and 7 showed the highest utilisation of carbohydrates. These 
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samples had no notable similarity except for the fact that cattle were slaughtered, which was also 

evident in samples 1, 2, 8 and 10.  

 

All the samples presented shared a common substrate utilisation pattern where L-arginine (average 

optical density [OD]) value of 2,48, glycogen (average OD value of 2,47), and D-cellobiose (average 

OD value of 2.31) was the most utilised substrate by all the samples belonging to polymers, 

carbohydrates, and amino acid groups respectively. The substrate that was not utilised, namely 2-

hydroxy benzoic acid (average OD value 0,15) and the substrate that had the second lowest 

utilisation, namely a-Ketobutyric acid (average OD value 0.68), both belonged to the carboxylic and 

ketonic acids (Figure 4.6).  

 

Figure 4.6: A heat map showing different carbon groups with the specific carbon 

sources within that group detected by Biolog Ecoplate. The colours indicate a 
change in optical density (OD590) calculated over 72 hours for abattoir effluent samples 
1-10 taken over 10 days. Red reflects poor uti lisation (OD change <0.5) and green 
(OD change >2) reflects the more active community with high uti lisation. 
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In abattoir effluent, microorganisms play a crucial role in the degradation and transformation of 

various organic compounds, including amino acids such as L-arginine. The microbial community 

present in abattoir environments consists of bacteria and fungi that have developed metabolic 

capabilities to utilise amino acids as a source of carbon and nitrogen (Idrees et al., 2020; Ries et al., 

2018). Certain bacteria possess enzymes called deaminases that can remove the amino group from 

amino acids like L-arginine, converting them into organic acids or other metabolites (Cooper, 2000). 

This deamination process allows bacteria to utilise the carbon skeleton of L-arginine as an energy 

source for their growth and metabolic processes. The released amino group is often incorporated 

into the microbial biomass or further metabolised (Motta et al., 2016; Saini et al., 2023). Similarly, 

some fungi can utilise amino acids such as L-arginine for their growth and metabolism. These fungi 

possess specific enzymes that break down amino acids and convert them into simpler compounds, 

which can then be used as a carbon and nitrogen source for their cellular processes (Ene et al., 

2014). 

 

The metabolic pathways involved in the utilisation of L-arginine in abattoir wastewater can vary 

depending on the specific microorganisms present. The pathways are largely dictated by the 

enzymatic capabilities of the microbial consortium, as briefly discussed below  (Racké & Warnken, 

2010):  

• Arginine deamination: Bacteria possessing the enzyme arginine deaminase can deaminate 

L-arginine, removing the amino group and converting it into ornithine. This metabolic 

pathway allows the bacteria to utilise the carbon skeleton of L-arginine as an energy source 

while incorporating the amino group into their cellular biomass or further metabolising it. 

• Arginine decarboxylation: Some bacteria possess the enzyme arginine decarboxylase, 

which enables the decarboxylation of L-arginine, resulting in the production of agmatine. 

Agmatine can serve as a precursor for the biosynthesis of various metabolites or be further 

catabolised by the microorganism. 

• Arginine hydrolysis: Many bacteria and fungi produce enzymes called arginases that 

hydrolyse L-arginine, breaking it down into ornithine and urea. Ornithine can be further 

metabolised or it may serve as a precursor for the biosynthesis of other compounds, while 

urea can be utilised by microorganisms capable of urea hydrolysis. 

• Arginine utilisation as a nitrogen source: In addition to carbon metabolism, microorganisms 

can utilise L-arginine as a nitrogen source. They may employ various transporters and 
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enzymes to internalise and metabolise L-arginine for the synthesis of amino acids, 

nucleotides, and other nitrogen-containing compounds required for their growth. 

 

Glycogen is a storage form of glucose, and certain bacteria and fungi in abattoir environments can 

utilise this polymer as a carbon and energy source (Zeitz et al., 2019). Utilisation of glycogen by 

microorganisms involves the following metabolic pathways (McGinnis & Tyring, 1996; B. T. Wang et 

al., 2020): 

• Glycogen degradation: Microorganisms possessing the enzyme glycogen phosphorylase 

can break down glycogen into glucose-1-phosphate units. Glycogen phosphorylase cleaves 

the glucose units from the glycogen chain, releasing glucose-1-phosphate, which can then 

be further metabolised. 

• Glycolysis: Glucose-1-phosphate, derived from glycogen breakdown, can enter the glycolytic 

pathway. In glycolysis, glucose-1-phosphate is converted to glucose-6-phosphate and 

subsequently metabolised to produce energy in the form of ATP. This pathway involves a 

series of enzymatic reactions and ultimately results in the production of pyruvate. 

• TCA (tricarboxylic acid) cycle: Pyruvate generated from glycolysis can enter the TCA cycle. 

In the TCA cycle, pyruvate is further metabolised to generate additional ATP and reduce 

equivalents, and it is a precursor molecule for various biosynthetic pathways. 

 

Periyannan (2019) explains D-cellobiose as a disaccharide composed of two glucose units linked by 

a β-1,4-glycosidic bond, and it is derived from the hydrolysis of cellulose. Ruminants like cattle and 

sheep are known for their ability to digest cellulose, which is a complex carbohydrate found in plants. 

This is facilitated by the microbial consortium in their stomachs, which includes cellulolytic 

microorganisms capable of breaking down cellulose into simpler sugars. Pigs, on the other hand, are 

monogastric animals and traditionally not considered as efficient cellulose digesters as ruminants, 

yet the microbial communities can demonstrate adaptability and metabolic versatility even in 

environments where cellulose digestion is not the primary function (Jha et al., 2019; Seyedalmoosavi 

et al., 2022). 

 

As anticipated, the detected microorganisms exhibited the ability to utilise D-cellobiose as a carbon 

source that occurred through the following metabolic pathways as described by Li et al. (2019): 
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• Extracellular hydrolysis: D-cellobiose can be hydrolysed by extracellular enzymes called β-

glucosidases. These enzymes cleave the β-1,4-glycosidic bond between the two glucose 

units, releasing individual glucose molecules. 

• Glucose metabolism: Once D-cellobiose is hydrolysed into glucose, microorganisms can 

metabolise glucose through various metabolic pathways. Glucose can enter glycolysis, 

where it is further metabolised to produce ATP and reduce equivalents, and these are 

precursor molecules for cellular processes. 

• Phosphorylation and transport: Some microorganisms possess specific transport systems 

and enzymes that phosphorylate glucose. The phosphorylation of glucose allows the 

glucose molecule to enter metabolic pathways efficiently. 

 

In the current study, the microbial consortium in the abattoir effluent did not utilise 2-hydroxybenzoic 

acid (salicylic acid) and α-ketobutyric acid due to several possible reasons. For instance, 

microorganisms have specific metabolic capabilities and not all microorganisms possess the 

necessary enzymes and pathways to utilise these organic compounds. The absence of these specific 

enzymes or metabolic pathways could thus have limited their utilisation. Additionally, microorganisms 

often have preferred carbon sources that they can metabolise more efficiently. If other readily 

available carbon sources were present in the abattoir effluent, microorganisms could have prioritised 

utilising those sources over 2-hydroxybenzoic acid and α-ketobutyric acid, as proposed by Preston-

Mafham et al. (2002). 

 

The literature proposes that the toxicity and inhibitory effects of these compounds can impact 

microbial utilisation. Therefore, if 2-hydroxybenzoic acid and α-ketobutyric acid are present in high 

concentrations, they may exhibit toxicity or inhibitory effects on microorganisms, affecting their ability 

to effectively utilise these compounds (Koh & Khor, 2023). However, it is essential to note that the 

EcoPlate assay, designed for qualitative assessments and relative comparisons, measures the 

ability of microbial communities to oxidise carbon substrates, and this does not facilitate the precise 

quantification of the compound concentrations (Biolog EcoPlateTM, 2023). The current study thus highlights 

a potential limitation regarding the investigation of 2-hydroxybenzoic acid and α-ketobutyric acid 

within the scope of microbial interactions in red meat abattoir effluent. Specifically, while these 

compounds have been identified as not useful to the microbial community, their precise in-situ 

concentrations remain unexplored. This lack of detailed concentration data represents a gap in our 

© Central University of Technology, Free State



67 
 

understanding, as it inhibits our ability to fully assess the potential of not utilising these compounds 

that could be caused by toxicity or inhibitory effects of these compounds on the microbial community.  

 

Furthermore, the microbial community in abattoir effluent does not inherently consist of 

microorganisms with specialised metabolic pathways for these compounds. The absence or low 

abundance of microorganisms with the necessary metabolic capabilities can contribute to their 

limited utilisation. The utilisation of 2-hydroxybenzoic acid (also known as salicylic acid) and α-

ketobutyric acid by microorganisms involves specific metabolic pathways that allow them to 

catabolise these compounds for energy and carbon. Degradation of salicylic acid typically proceeds 

via the salicylate degradation pathway, while the degradation of α-ketobutyric acid occurs through 

the ketobutyrate degradation pathway (Qin et al., 2023; Silva et al., 2007; Vila-Santa et al., 2021). 

 

The absence of the salicylate and ketobutyrate degradation pathways as an inherent feature of 

abattoir effluent can be attributed to the typical composition of organic compounds found in such 

effluent and the metabolic capabilities of the microbial communities associated with it. Furthermore, 

the environmental conditions prevalent in abattoir wastewater may not favour the growth and activity 

of microorganisms capable of metabolising these specific compounds, as they may require specific 

environmental conditions and microbial consortia for efficient degradation that are not typically found 

in abattoir wastewater environments. 

 

4.5.3 Genetic Diversity 

4.5.3.1 Quality control and data hygiene  

The quality of DNA can differ depending on the source or extraction method used. For this reason, 

a standardised and cost-effective workflow for the qualification of DNA preparations is essential to 

guarantee reproducible results. The qualification process consists of the quantification of double-

strand DNA and the assessment of its suitability for downstream applications, such as high-

throughput next-generation sequencing (NGS) (Brosnan & Lacobuzio-Donahue, 2012). While NGS 

sequencers yield robust results, the workflow process is lengthy, expensive, and labour-intensive 

and requires appropriate management of the input material. Moreover, non-standardised DNA 

qualification can negatively impact sequencing performances, resulting in a waste of samples, low 

confidence results, and higher costs (Monserrat García-Alegría et al., 2020). In the current study, 

once the DNA had been extracted, the concentration and purity were confirmed on the NanoDrop 
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2000 spectrophotometer (Thermo Scientific, USA). The NanoDrop results are presented in Table 4.3 

below. 

 

Table 4.3: DNA absorbance values for A260/A280, determining the 
DNA quality  
 

Sample ID Nucleic acid (ng. µL-1) A260/A280 ratio 

gDNA_1 83.00 1.835 

gDNA_2 102.70 1.840 

gDNA_3 103.15 1.840 

gDNA_4 115.75 1.825 

gDNA_5 123.60 1.830 

gDNA_6 148.90 1.845 

gDNA_7 104.65 1.835 

gDNA_8 102.35 1.835 

gDNA_9 90.85 1.835 

gDNA_10 94.00 1.830 

 

Absorbance readings were performed at 260nm (A260) where DNA absorbs light more strongly. The 

A260 value should be within the instrument’s linear range of 0.1 - 1.0 as it is considered a reliable and 

reproducible value. Conversely, RNA also has a great absorbance at 260nm, and the aromatic amino 

acids present in protein absorb well at 280nm. Thus, both contaminants, if present in the DNA 

solution, will contribute to the total measurement at 260nm. These guidelines were considered in the 

study to avoid DNA over-quantification. Expected A260/A280 values for good quality DNA are 

commonly within a range between 1.7 - 2.0. The DNA in the current study appeared to be of good 

quality (Table 4.3) as concentrations were above 50 ng. µL-1 as required by ARC-BTP, while the 

A260/A280 ratios were 1,835±0,005.   

 

The next generation sequencing data for the samples were rarefied. This step ensured that variations 

observed between different samples were statistically relevant and not the result of differing library 

sizes. The rarefaction curves (Figure 4.7) suggest that the sequencing depth was adequate to 

capture most of the prokaryotic diversity in each sample.  
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Figure 4.7:  A rarefaction curve. To evaluate the sampling depth,  rarefaction curves of 
the microbial communities based on 16S rRNA and ITS gene sequences are shown. 
Sample names refer to sampling days . 

 

The flattening of the rarefaction curve means that the rate of increase in the number of observed 

species slowed down as more individuals were sampled. In other words, the curve reaches an 

asymptote, which suggests that most of the species present in the community were observed, and 

that adding more individuals to the sample was unlikely to reveal new species. 

 

4.5.3.2 Bacterial diversity and abundance 

Taxonomic classification of the clustered amplicon sequence variants (ASVs) revealed the presence 

of 26 bacterial phyla. Bacterial diversity showed consistent dominance of 3 phyla, namely 

Bacteroidetes (39.40% ± 0.05), Firmicutes (33.23% ± 0.02), and Proteobacteria (20.1% ± 0.05). 

These three phyla were present in varying degrees in all 10 samples, with Bacteroidetes being the 

dominant phylum (Figure 4.8A). 
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Bacteroidetes and Firmicutes represent major members of microbiota that are often found in the 

gastrointestinal tract of animals where they exist as degraders of carbohydrates, carbohydrate-based 

substances, and proteins through fermentation. They are often found in high concentrations, 

indicating their role in the decomposition of animal waste (Flint et al., 2012; Kirby et al., 2019). 

Bacteroidetes are Gram-negative bacteria  while Firmicutes, on the other hand, are Gram-positive 

bacteria that are known for their ability to break down complex organic compounds and organic 

matter. The presence of Bacteroidetes and Firmicutes in abattoir effluent was significant because 

they play a crucial role in the degradation of organic matter that can be harmful to the environment if 

not properly treated (Cholewińska et al., 2021; Nishijima et al., 2016). 

 

In wastewater treatment, organic matter is removed through a biological treatment process that relies 

on microorganisms to break down the organic material. Bacteroidetes and Firmicutes are two of the 

key groups of microorganisms that are involved in this process (Cholewińska et al., 2021). 

Bacteroidetes are particularly important in the initial stages of organic matter degradation where they 

break down complex organic compounds into smaller, more easily digestible molecules. These 

smaller molecules can then be further broken down by other microorganisms, including Firmicutes. 

Firmicutes are particularly important in the later stages of organic matter degradation where they 

break down the remaining organic material into simpler molecules such as carbon dioxide and water 

(Begmatov et al., 2022; Niestępski et al., 2020).  

 

Proteobacteria are the most diverse phylum of Gram-negative bacteria commonly found in the faecal 

microbiota of animals. They include several well-known opportunistic pathogens such as Escherichia 

coli, Salmonella, and Campylobacter. Proteobacteria are a diverse group of bacteria that can survive 

and thrive in a wide range of physical and chemical conditions. Some of the key factors that can 

affect the growth and survival of Proteobacteria include temperature, pH, salinity, oxygen levels, and 

nutrient availability (Dias et al., 2019; Diyantoro & Wardhana, 2019). Proteobacteria play an important 

role in the hydrolysis and acetogenesis steps of anaerobic digestion and include delta, gamma, and 

beta varieties. Deltaproteobacteria contain many syntrophic anaerobic bacteria that participate in 

sulphate reduction. Among the Gammaproteobacteria, many denitrifying bacteria or bacteria 

accumulate phosphates. The Betaproteobacteria are involved in nitrification and are potentially also 

involved in denitrification (Begmatov et al., 2022; Jabari et al., 2016).  
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Figure 4.8 : Distribution of bacterial phyla and genera diversity expressed as relative abundance % of amplicon sequence variants (ASV) 
in red meat abattoir eff luent. (A)The most consistent dominant phyla are Bacteroidetes ( blue), Firmicutes (orange), and Proteobacteria 
(purple). (B)The genus has no present pattern or consistency in distribution.  
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Figure 4.8B displays the most abundant bacterial genera detected, which revealed that the genus 

richness varied in dominance distribution. Certain bacterial genera were more abundant than others 

in the samples, and the degree of dominance varied across the different samples. A total of 683 

bacteria genera were detected. Specifically, the most abundant genera observed were 

Acinetobacter, which belongs to the Proteobacteria phylum, and Bacteroides and 

Rikenellaceae_RC9_gut_group, which both belong to the Bacteroidetes phylum. The fact that these 

four genera were consistently observed across the different samples affirms that they play important 

roles in the microbial community of abattoir effluent. The variability in their dominance across the 

different samples reflected changes in the overall microbial community structure or the environmental 

conditions of the effluent.  

 

Abattoir effluent contains a complex mixture of organic and inorganic materials that can provide a 

rich source of nutrients for bacterial growth. For Acinetobacter, Bacteroides, and 

Rikenellaceae_RC9_gut_group, the conditions that are most conducive to their growth and survival 

include the presence of organic matter, low dissolved oxygen, and a neutral to slightly alkaline pH. 

The high organic content of abattoir effluent provides these bacteria with a rich source of carbon and 

energy for growth, while the low oxygen levels and anaerobic conditions in WWTPs provide an ideal 

environment for these anaerobic bacteria to thrive. In addition, these bacteria are well adapted to the 

gut microbiota of animals and may be introduced into abattoir effluent through animal waste (He et 

al., 2021; Qiu et al., 2022), which is a major component of abattoir effluent. Overall, the conditions in 

abattoir effluent are conducive to the growth and survival of Acinetobacter, Bacteroides, and 

Rikenellaceae_RC9_gut_group, which all play important roles in the degradation of organic matter 

and the removal of nutrients from water. 

 

Forcina et al. (2022) explored the gut microbiome in livestock, and they support the notion of a 

microbiome present in abattoir effluent. In the current study it was found that, in the cattle 

microbiome, the predominant phyla identified were Bacteroidetes and Firmicutes, which collectively 

constituted over 90% of the gastrointestinal tract bacterial community. The dominant genera 

observed not only in cattle but in adult ruminants overall were Butyrivibrio, Prevotella, and 

Ruminococcus. Similarly, the sheep gastro intestinal tract (GIT) microbiome exhibited substantial 

similarity in composition with that of cattle and other ruminants, with Bacteroidetes and Firmicutes 

comprising over 80 - 90% of the gut microbial community. The phyla Actinobacteria, Proteobacteria, 

Spirochaetes, and Verrucomicrobia were also identified, although in lower abundance. The most 
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prevalent genera in sheep were Prevotella, Acinetobacter, Campylobacter, Bacteroides, 

Desulfovibrio, Oscillospira, Ruminococcus, Treponema, Fibrobacter, and Succinivibrio. 

 

In contrast, owing to the structural differences between ruminants and monogastric animals such as 

pigs, the gut microbiome of the latter was characterised by the dominance of the phyla Bacteroidetes 

and Firmicutes, with Proteobacteria being the subsequent abundant phylum. Bacteroidia, Clostridia, 

Alloprevotella, Bacteroides, Escherichia, Lactobacillus, and Prevotella were the most prevalent 

genera detected in the GIT of adult pigs, along with Clostridium, Desulfovibrio, Enterococcus, 

Fusobacterium, and Streptococcus. These findings provide valuable insights into the microbial 

composition of abattoir-sourced animals and shed light on the intricate dynamics of microbiomes 

found in abattoir effluent. 

 

4.5.3.3 Fungal diversity and abundance 

The fungal taxonomic ASVs classification revealed 11 types of phyla in total. Dominant fungal phyla 

were either Neocallimastigomycota (52.61% ± 0.30) or Ascomycota (36.18% ± 0.26), in contrast to 

the common phyla distribution of bacteria amongst the different sampling days. Basidiomycota 

appeared in small, varied levels for each sample, except on day 6 when only pigs were slaughtered. 

The presence of Mucoromycota was detected in this sample, which is associated with pigs as it was 

also detected in a study conducted by Li et al. (2022) who characterised the diversity and composition 

of fungi in the GIT of pigs using high-throughput sequencing. Mucoromycota was found to be one of 

the most prominent fungal phyla. The remaining abundance consisted of an unidentified phylum. 

Figure 4.9A illustrates the fungal phyla present in the abattoir effluent under study.  

 

Neocallimastigomycota and Ascomycota fungi play distinct roles in different ecological contexts, 

including carbon and nitrogen cycling, and their significance in the treatment of abattoir effluent has 

been demonstrated. Ascomycota fungi are a diverse group of fungi that encompass a wide range of 

species that include yeasts, moulds, and truffles (Kirk et al., 2008). They are ubiquitous in various 

ecosystems and play crucial roles in carbon and nitrogen cycling. Ascomycota fungi are involved in 

the decomposition of organic matter as they break down complex compounds such as lignin and 

cellulose into simpler forms (Rytioja et al., 2014). This process releases carbon dioxide back into the 

atmosphere and enables the recycling of nutrients, including nitrogen, back into the ecosystem 

(Glass et al., 2013). As a result, Ascomycota fungi contribute to nutrient availability and overall 

ecosystem functioning.  
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Figure 4.9 : Distribution of fungal phyla and genera diversity expressed as relative abundance % of amplicon sequence variants (ASV) in 
red meat abattoir effluent. Uncultured or ambiguous sequences are indicated as unidentified. ( A)The most consistent dominant phyla are 
either Ascomycota (red), Neocall imastigomycota (brown), or Basidiomycota (green). (B)The genus has no present pattern or consistency 
in distribution, but it  is not so rich in diversity.  
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Neocallimastigomycota fungi belong to a specialised group of fungi known as gut fermenters or 

anaerobic fungi. They are primarily found in the rumen, which is the first chamber of the stomach in 

herbivorous animals (Joblin, 2010). Neocallimastigomycota fungi play a critical role in the digestion 

of plant material in the rumen. They produce specialised enzymes that break down complex 

carbohydrates, such as cellulose and hemicellulose, into simpler sugars that can be utilised by the 

host animal for energy production (Hess et al., 2020; Youssef et al., 2013). 

 

Mucoromycota fungi can be found in the gastrointestinal tract of pigs and can subsequently be 

excreted in their faeces (Guedes, 2008; Mølbak et al., 2008). During the slaughter and processing 

of pigs, the faecal matter and other animal waste can mix with abattoir wastewater, leading to the 

introduction of Mucoromycota fungi into the effluent (Gutu et al., 2021). These fungi can then 

propagate and proliferate in the nutrient-rich and organic matter-laden environment of the effluent. 

Mucoromycota fungi possess the ability to degrade organic compounds and assist in the breakdown 

of complex organic matter present in the effluent (Shen et al., 2021). They contribute to the overall 

microbial diversity and enzymatic potential involved in the degradation processes. 

 

A notable pattern emerged during the slaughter of the animals. On days when both pigs and cattle 

were slaughtered simultaneously, the microbial analyses revealed the consistent presence of 

Neocallimastigomycota and the absence of Mucoromycota. Intriguingly, on a distinct occasion when 

only pigs were slaughtered, a shift in the fungal community dynamics was observed when the 

presence of Mucoromycota and the absence of Neocallimastigomycota were detected. It is 

noteworthy that the absence of Mucoromycota on other days when pigs were slaughtered could have 

been due to cattle microbiota suppressing Mucoromycota. This could have resulted in Mucoromycota 

being overshadowed by other phyla present in higher abundances. This observation presents an 

interesting avenue for further exploration and warrants in-depth microbial ecological studies to 

elucidate potential interphylum relationships and their implications within the abattoir setting. 

 

In contrast to the bacterial diversity, the fungal diversity differed notably in terms of genus richness 

(Figure 4.8B). The presence of 24 different genera was recorded, and they presented a much less 

varied genus dominance than the bacteria. However, similar to the bacterial community, the fungal 

community was also dominated by a particular genus in each sample. These included Neocallimastix 

(21.13%) and Caecomyces (13.39%) that belong to the Neocallimastigomycota phylum, Ciliophora 

(6.31%), and an unidentified (14.82%) genus that both belong to the Ascomycota phylum. The 

unidentified genera constituted 14.82%, which represented a large proportion of the fungal 
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community without taxonomic annotations. This finding suggests possible misconceptions about the 

true fungal diversity of such a community and highlights the need for more research on classification 

systems based on environmental samples (Hibbett et al., 2011).  

 

Neocallimastix, Caecomyces, and Ciliophora are important microbial groups found in the rumen of 

herbivorous animals, particularly in the context of their role in fibre digestion and fermentation. These 

fungi specialise in breaking down complex plant cell wall components, such as cellulose and 

hemicellulose, which are abundant in the diet of herbivores (Kazemi et al., 2022; Saye et al., 2021). 

They possess a unique repertoire of cellulolytic enzymes that aid in the degradation of these complex 

polysaccharides into simpler forms that can be utilised by the host animal (Gordon & Phillips, 1998). 

These fungi have not been known to have any direct significance in conventional wastewater 

treatment as they are usually found in small proportions compared to other fungi.  

 

The presence of the observed dominant fungal genus was markedly different from what had been 

observed in other studies. Literature based on studies investigating the microbial composition of 

abattoir effluent has identified different fungal genera present in wastewater. The presence of fungal 

genera such as Aspergillus, Penicillium, Candida, and Mucor has been reported to be among the 

most dominant (Rabah et al., 2010; Cardoso et al., 2012; Ediene et al., 2017). However, in the current 

study, those were identified as some of the minor genera of the population. In the case of rumen-

associated microorganisms such as Neocallimastix, Caecomyces, and Ciliophora, their abundance 

is not usually associated with a large presence in effluent. The observed presence of these 

microorganisms could thus suggest disposal of the digestive tract contents of the slaughtered 

animals, such as rumen contents or faecal matter, into the drainage system. Paruch et al. (2017) and 

Paruch and Paruch (2021) support this conclusion, arguing that this occurs due to improper handling 

or inadequate separation of the digestive tract during the slaughtering process.  

 

In South African abattoirs, the disposal of animal rumen content, along with other waste generated 

during the slaughtering process, is typically managed in compliance with local regulations and 

environmental guidelines. Schedule 3 of the NEMW Act (No.53) of 2008 requires abattoirs to ensure 

that all waste generated from the preparation and processing of meat should be separated and 

disposed of according to different disposal requirements. Rumen content and blood should be 

separated from water and rendered into useful products or ultimately disposed of at an authorised 

waste disposal facility (NEMW Amendment Act, 2014; NEMWA, 2009). The microbial diversity data 
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clearly suggest that the abattoir participating in this study lacked proper separation processes for 

rumen content at the time of the study.  

 

Abattoirs in South Africa are mandated to adhere to all regulatory requirements and to implement 

appropriate waste management practices. They need to obtain all the necessary permits and 

licenses to ensure compliance with the law. Regulatory authorities such as the Department of 

Agriculture, Forestry, and Fisheries as well as local environmental agencies should play an active 

role in monitoring and enforcing these regulations to ensure that abattoirs comply with waste disposal 

guidelines and standards. The extent of compliance with waste management regulations in South 

African abattoirs can vary, and there have been instances where authorities have faced challenges 

in ensuring full adherence to these laws. However, this issue is not unique to South Africa and has 

been observed in various countries and industries worldwide.  

 

To conclude, the effluent from the red meat abattoir under study could be comprehensively described 

using each of the characterisation techniques employed in the investigation. A deeper knowledge of 

microbial diversity was made possible by integrating the data produced by the complementing 

methodologies that were employed.  
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Chapter 5 

Correlations and Relationships 

 

5.1 Introduction 

In the realm of environmental research, understanding the intricate interplay between 

physicochemical parameters and microbial communities is crucial, particularly in settings as complex 

as abattoirs and the effluent they produce. Multifaceted investigations may therefore delve into 

correlations and relationships between physicochemical analyses and functional diversity 

assessments using carbon substrate utilisation and genetic diversity (Hajibabaei et al., 2007; Safford 

et al., 2022). Abattoir effluent, which is a significant source of wastewater with diverse organic and 

inorganic constituents, presents an ideal ecosystem to study how physicochemical conditions may 

influence microbial diversity and function (Ma et al., 2020).  

 

Each method used in this study was effective in describing the red meat abattoir effluent under study. 

The approaches yielded complementary data, which allowed conclusive deductions about the 

effluent environment, microbial communities present in the effluent, and their functionality. 

Understanding the relationships and associations using this holistic approach revealed several 

benefits associated with both environmental and operational perspectives.  

 

5.2 Microbial Community and Related Environmental Parameters in Abattoir 

Effluent 

A principal component analysis (PCA) biplot was used to illustrate the possible ecological 

relationships between the microbial community and physicochemical variables within the effluent 

(Figure 5.1). When analysed, PCA Axis 1 explained 42.27% of the variance, while Axis 2 explained 

20.24% of the variance in the bacterial and fungal environmental parameter relationships. In 

essence, the length of the arrow in the plot was proportional to the rate of change, so a longer arrow 

indicated a larger change in variables.  
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Figure 5.1 : PCA biplots showing the correlation between the various 
physicochemical parameters with identified and enumerated bacteria and fungi 
present in abattoir effluent. Fungi C and Bacteria C represent culturable bacterial 
and fungal counts. 

 

The PCA plot above indicates that NO3
-, SO4

2-, PO4
3-, and TSS strongly correlated with culturable 

fungi in the effluent. Fungi play an essential role in nutrient cycling and they are known for their ability 

to decompose organic matter, including complex compounds like lignocellulose. Nitrate, sulphate, 

and phosphate are essential nutrients that fungi require for their growth and metabolic processes. 

These nutrients can influence fungal community composition and activity (Murugesan, 2017; 

Osunmakinde et al., 2019).  

The analyses also indicated that Neocallimastigomycota did not have a specific positive correlation 

with any parameter. Ascomycota and Basidiomycota both exhibited a positive correlation with 

temperature, implying that their growth and activity generally increased with higher temperatures. 

Ascomycota includes a diverse group of fungi, such as Aspergillus, Candida, moulds, yeasts, and 

many plant pathogens. These fungi are known to be active over a wide range of temperatures, but 
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they tend to thrive in moderate to warm temperatures. The positive relationship with temperature that 

was detected can be explained by metabolic activity (Naranjo-Ortiz & Gabaldón, 2019), sporulation 

(Hyde et al., 2019), decomposition, and nutrient cycling (Challacombe et al., 2019). 

Bacteroidetes and Firmicutes were found to have a weak positive correlation with EC, while 

Proteobacteria and culturable bacteria had a weak positive correlation with chloride. Both EC and 

chloride are associated with salinity, which is an important predictor of bacterial community 

compositions and phylum distribution in wastewater. Salt concentration may also inhibit cell activity, 

performance, and efficiency (Gao et al., 2021), which could explain the weak correlation.  

 

The findings revealed limited positive associations or identifiable correlations between microbial 

communities and measured physicochemical parameters. The bacterial populations exhibited no 

significant correlation with the measured physicochemical parameters, suggesting that other factors 

beyond those assessed in this study might have driven their distribution and abundance within the 

abattoir effluent. Conversely, the fungal communities exhibited some correlation with a few of the 

studied parameters; however, these associations were limited. This outcome highlights the 

complexity of environmental systems and the multifaceted interactions that govern microbial diversity 

and microbilal community dynamics in abattoir wastewater.  

 

5.3 Linking the Microbial Genetic Diversity profile and the functionality profile 

of the Effluent 

The Biolog EcoPlate methodology was used to assess the metabolic capabilities of the diverse 

microorganisms present in each effluent sample. These microorganisms included bacteria, fungi, 

and other microbial groups that worked together to break down and utilise various compounds, as 

proposed by Barik (2020) and Kurten and Barkoh (2014). Barros et al. (2023) argue that, if an 

environment provides favourable conditions for life, it can support a diverse array of microorganisms 

with significant genetic variability. Conversely, in harsh or specialised environments, the microbial 

community tends to be less diverse and thus comprises a smaller number of microorganisms.  

In this context, the Simpson index (D) is a widely used measure to quantify the diversity of a microbial 

community, and the higher the value of the Simpson index, the more diverse is the community being 

accommodated (Adams et al., 2015). In this study, the Simpson index revealed that the microbial 

community in the abattoir effluent was indeed highly diverse. The identification of a total of 683 
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bacterial and 24 fungal genera provided strong evidence of richness and a large variety of 

microorganisms present in the effluent, and the presence of such a diverse array of bacterial and 

fungal genera highlighted the complexity and ecological significance of the microbial community in 

the effluent environment under study. Moreover, evenness values (EVs) indicated a striking similarity 

in the metabolic profiles of the samples, reflecting comparable population sizes among the various 

species present in the microbial community (Balasaheb Gunwantrao et al., 2017). The high EVs 

further underscored the abundance of species, revealing a rich and diverse microbial community 

within the effluent. Interestingly, the functional biodiversity remained consistent regardless of the 

number of animals slaughtered on a given day and overall. These findings highlighted the remarkable 

stability and resilience of the microbial community in the effluent, regardless of the daily variations in 

the abattoir's activities. Knowledge of this diverse and balanced microbial composition in the effluent 

has implications for potential new adaptations and applications in wastewater treatment and 

environmental management. 

 

PCA biplot was used to illustrate the possible relationships between the microbial community and 

carbon substrate when utilisation patterns were measured (Figure 5.2). PCA Axis 1 explained 

37.50% of the variance and Axis 2 explained 28.85% of the variance. Culturable fungi in the abattoir 

effluent exhibited significant positive correlations with carbohydrates (r = -0.707) and polymers (r = 

0.861). Moreover, the fungal phylum Neocallimastigomycota demonstrated strong correlations with 

the same substrate groups, achieving correlation coefficients of r = 0.767 and r = 0.51 respectively. 

The carbon substrate groups were identified as the most utilised according to the AWCD data 

presented in Chapter 4 (polymers 24% and carbohydrates 20.6%). The high correlations suggest a 

potential ecological specialisation niche for these fungi as they are allowed to thrive and dominate in 

environments rich in these specific carbon sources. 
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Figure 5.2: PCA biplots showing the correlation between the carbon substrate groups with 

identified and enumerated bacteria and fungi from abattoir effluent. Fungi C and Bacteria 

C indicate culturable bacterial and fungal counts. 

These strong correlations could be attributed to the metabolic capabilities and adaptations of the 

fungal groups present in the abattoir effluent. Fungi possess diverse enzymatic machinery that allows 

them to efficiently degrade complex organic compounds like carbohydrates and polymers and to 

convert them into usable carbon sources for growth and metabolism (Viegas et al., 2016). As the 

effluent contained a substantial amount of organic matter from waste and processing residues, these 

fungi could have evolved to take advantage of these abundant carbon sources. Additionally, the high 

correlation of Neocallimastigomycota suggests that this phylum evolved specialised mechanisms to 

efficiently utilise these specific substrates, possibly because of their association with the digestive 

systems of herbivores, as proposed by Balasaheb Gunwantrao et al. (2017) and Molelekoa et al. 

(2021). 

 

Furthermore, environmental factors such as pH, temperature, and oxygen levels could have 

influenced the activity and distribution of specific fungal groups in the effluent (Meng et al., 2019; 
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Rajhans et al., 2021). Fungi with a preference for carbohydrates and polymers could have been 

favoured under advantageous physicochemical conditions in the effluent, leading to their higher 

abundance and strong correlations. 

 

Bacteroidetes showed a positive correlation with amino acids and amines and amides, and these 

were the least utilised substrates according to the AWCD (amino acids 20.3%; amines and amides 

16.9%). The low utilisation of amino acids and amines and amides by the overall microbial community 

could have resulted from competition for these resources. Other bacterial groups might have 

outcompeted one another for these substrates, leading to lower utilisation rates. However, 

Bacteroidetes generally have a competitive advantage or evolve specialised adaptations and these 

abilities could have allowed them to thrive in the presence of these substrates, leading to a positive 

correlation (Naylor et al., 2022; Regueira et al., 2021). An important point to remember is that the 

approach that was adopted used DNA, whether that DNA was derived from a live or dead cell. 

Therefore, the presence of a certain group of microorganisms did not necessarily mean that that 

group played an active role within the community. Despite these limitations, the microbial diversity 

that was observed in the current study suggests that fungi played a crucial role in the microbial 

community’s physiological profile in the effluent that was analysed. 

 

5.4  Cluster Analysis to Compare the Microbial Diversity Profile 

Agglomerative hierarchical clustering (AHC) analysis was used to estimate the order of relatedness 

among the different samples (Figure 5.3). Cluster analysis was thus conducted based on the 

taxonomically classified microbial ASVs and culturable microbial counts. These segregated the 

diversity profiles into three main cluster groups categorised as Cluster 1, Cluster 2, and Cluster 3, 

which allowed differentiation between the groups. 

 

Cluster 1 contained samples 4, 1, and 2 as these samples seemed to harbour similar microbial 

compositions. In sample 1, only cattle had been slaughtered and in samples 2 and 4, both cattle and 

pigs had been slaughtered. Cluster 2 combined most of the samples apart from sample 6; thus 

sample 6 appeared to be under cluster 3 on its own. Samples 9 and 3 that belonged to cluster 2 were 

grouped together as cattle and sheep had been slaughtered on those days. The high similarity of 

microbial content in the sheep rumen and faeces was similar to that of cattle. This may be attributed 

to the fact that these species are ruminants and have a similar digestive system. Moreover, the 

bacterial and fungal genera found in sheep rumen and faeces were comparable with those found in 
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cattle rumen and faeces, which is a finding that is supported by Cholewińska et al. (2020), Regueira 

et al. (2021), and Szeligowska et al. (2021).  

Figure 5.3: Cluster analysis (AHC) dendrogram showing the order of relatedness among the diversity 

profile of the different abattoir effluent samples. The diversity profiles are segregated into three main 

clusters labelled as C1, C2, and C3.  

 

 

 

 

 

 

 

 

 

Figure 5.4 : The Dice coefficient was determined by measuring the Euclidean distance 
between the microbial diversity in the abattoir effluent samples. The result ing 
percentage indicates the level of similarity. The samples marked in green exhibit a 
significant similarity rate  as it exceeds 98%. 

 

The remainder of the groups (samples 8, 5, 7, and 10) represented days when cattle and pigs had 

been slaughtered. Overall, the differences in the stomach and faecal microbiota between pigs and 

Sample 

Name

Sample 1

Sample 2 97,89

Sample 3 97,33 97,62

Sample 4 98,35 97,72 97,29

Sample 5 98,04 97,75 97,64 97,98

Sample 6 96,94 97,07 97,71 96,47 96,64

Sample 7 97,84 97,76 98 97,68 98,4 97,05

Sample 8 98,18 97,83 97,76 97,84 98,56 97,08 98,17

Sample 9 97,79 97,93 98,55 97,64 98,31 97,56 98,22 98,19

Sample 10 97,78 97,83 97,97 97,76 98,16 97,04 98,04 99,02 98,15

Sample 7

Sample 8

Sample 9

Sample 10

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6
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cows reflected the adaptations of their respective digestive systems to the types of feed they had 

consumed. The stomachs of pigs are known to be relatively simple and more acidic compared to 

those of cows. Pigs are monogastric animals, which means they have a single-chambered stomach 

and the acidic environment helps to break down and digest food. The predominant bacteria in pigs’ 

stomachs are usually acid-resistant microorganisms that can survive in a low-pH environment 

(Floridia et al., 2023; Rowan et al., 1997). On the other hand, cows are ruminant animals with a 

complex stomach that has four compartments. The rumen is the largest compartment and houses 

diverse and unique microbiota. It contains anaerobic microbes like bacteria, protozoa, and fungi that 

help ferment and break down the fibrous plant materials cattle consume. This symbiotic relationship 

allows cows/cattle to extract nutrients from cellulose-rich plant materials that would otherwise be 

indigestible for monogastric animals like pigs (Mizrahi & Jami, 2018; Xu et al., 2021; Mizrahi & Jami, 

2018; Xu et al., 2021). 

 

A significantly high similarity rate (above 98%) was detected in cluster 1 and 2 samples. The similarity 

rate was determined using the Dice coefficient as presented in Table 5.1, which involved measuring 

the Euclidean distance between the microbial diversity profiles of the samples. The Euclidean 

distance quantifies the dissimilarity or difference between two sets of data points, and it was therefore 

useful in assessing the similarity of microbial compositions in the samples. It was found that sample 

6 showed a high similarity rate with the other samples as well, ranging from 96.47 - 97.71%.  

 

Sample 6 represented cluster 3 and it was taken on the only day that only pigs had been slaughtered. 

It had a unique microbial composition that was different from that of the other samples, and this 

difference was mostly evident in the genetic fungal composition. This was the only sample containing 

Mucoromycota phyla, but the presence of Neocallimastigales was not detected in this sample while 

it was present in all the other samples. Mucoromycota fungi are found in the gastrointestinal tract of 

pigs and they are excreted in their faeces. Fungi are typically present in lower quantities in the pig 

gut compared to the bacterial population (Gutu et al., 2021; J. Li et al., 2022); however, in this effluent 

the Mucoromycota appeared very distinct. Generally, there are several bacteria and other 

microorganisms in the gut microbiota of pigs, and their relative abundance changes during the host 

growth which occurs mainly from the post-natal to the weaning period. This composition is affected 

by environmental and feeding factors during the entire life of pigs (Floridia et al., 2023). 

The microbial content found in the effluent from the red meat abattoir exhibited a high degree of 

similarity across all the samples. The similarity rate was in the range of 96.64 - 98.56%, which 
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indicated that the microbial diversity among these samples was very similar. Based on the above 

findings, it was concluded that, regardless of the specific animals being slaughtered, the microbial 

content in the effluent was generally similar. This finding suggests that the microbiomes from the 

different animals' meat, stomach content, and hides overlapped substantially in terms of their 

composition, indicating a commonality in the microbial species present in the effluent. This result 

may have implications for understanding the microbial ecology in the abattoir setting and could be 

relevant for waste treatment and management in such facilities. 
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Chapter 6 

Concluding Remarks 

 

6.1 Introduction 

The management of wastewater generated from food production and agricultural activities, 

particularly from red meat abattoirs, presents a significant challenge due to the high organic 

concentration in effluent and extensive water consumption in such facilities . South Africa's increasing 

demand for meat products has led to a proliferation of abattoirs, exacerbating water scarcity issues 

and straining water resources. The discharge of untreated abattoir effluent directly into municipal 

sewer systems is not only burdening sanitation infrastructure, but also causes downstream 

contamination and jeopardises precious water sources. 

 

Despite monitoring the physicochemical qualities and perceived environmental effects of abattoir 

effluent according to national by-laws, there remains a critical gap in understanding the microbial 

diversity of this type of wastewater. Addressing this information deficit and fostering accountability 

and awareness regarding the environmental impact of abattoir wastewater are essential steps in 

mitigating the adverse effects on South Africa's water ecosystem. To safeguard the nation's water 

resources and promote sustainable practices within the agricultural sector, it is crucial to prioritise 

effective waste treatment and disposal measures for abattoir wastewater. Only through concerted 

efforts and responsible management can we alleviate the strain on water systems and protect the 

precious water sources that are vital to our ecosystems and future well-being. 

 

6.2 Concluding Remarks 

Initially, in the project proposal, a comprehensive sampling plan was devised with the intention to 

conduct two sampling cycles over 10 consecutive days during both winter and summer seasons. It 

was envisaged that samples would be collected each day every 2 hours, resulting in a total of 5 

samples per day. This approach aimed to provide a detailed and robust dataset for analysis. 
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However, following the pilot study, it became evident that the initial sampling protocol was overly 

ambitious. The challenges faced during the pilot study, such as the difficulty of maintaining consistent 

and accurate collection intervals, led to the decision to modify the sampling strategy. Instead of two 

cycles, a single sampling cycle of 10 consecutive days was implemented. This adjustment ensured 

the collection of a composite sample totalling 5 L of sample each day, which was deemed more 

feasible and equally reliable. The revised approach was motivated by the recognition that the original 

sampling plan would have generated an extensive and complex dataset that would potentially have 

exceeded the resources available for analysis. Moreover, the comparison of peak and off-peak data 

may not have provided significant insights given the inherent variability in abattoir wastewater 

generation and management practices throughout the day. 

 

The process of sampling proved to be more arduous than initially anticipated. This demanding task 

required rigorous dedication and persistence. Throughout the sampling period, challenges emerged 

concerning the consistency of wastewater collection and treatment practices within the abattoir. 

Notably, there were instances when the abattoir was non-operational and, as a consequence, water, 

sometimes heated, was sporadically flushed through the wastewater system. This irregularity 

underscored the criticality of obtaining a genuinely comprehensive and representative composite 

sample set. In light of these challenges, it is evident that future endeavours to investigate abattoir 

effluent must carefully account for the operational patterns of the facility under study. Adequate 

consideration of such factors is paramount to ensure the accuracy and reliability of the data gathered, 

as this will ultimately contribute to a more robust understanding of the environmental impact of red 

meat abattoir effluent and the need for the effective management of such effluent. 

 

The analyses revealed that four of the eight physicochemical parameters (i.e., 37.5% of the total) 

that are supposed to be monitored  by the Mangaung Municipality and that are addressed in its by-

laws exhibited non-compliance with established limits. This finding underscores the importance of 

continued monitoring and persistent adherence to regulatory standards to ensure proper 

management and control of wastewater in the Mangaung area. Moreover, efforts to address and 

rectify non-compliant parameters are crucial for safeguarding the local environment and maintaining 

water quality within acceptable levels. 

 

This study revealed elevated culturable bacterial and fungal populations in the examined samples, 

with bacteria being the more dominant microorganisms compared to fungi. Bacterial levels ranged 

from 1×106 - 6.8×106 CFU.mL−1, with high contamination of faecal coliforms Enterobacter aerogenes 

© Central University of Technology, Free State



89 
 

and Escherichia coli. The average value of the yeast count for the abattoir effluent was 5.32x103, 

while it was 7.10 x101 for mould. These findings align with previous research, highlighting the 

prevalence of bacteria in abattoir effluent and the significant presence of E. coli and coliforms.  

 

The functional biodiversity expressed by the Shannon diversity index was moderately high in all 

samples, the Simpson index displayed a very diverse community, and the evenness values depicted 

the presence of a large abundance of species. The relative abundance of the metabolic activities 

grouped according to the chemical family was dominated by the metabolism of polymers and 

carbohydrates. These results showed that the functional biodiversity of the effluent was quite 

consistent, which occurred irrespective of the species of animals and numbers slaughtered on 

specific days.  

 

Red meat abattoir effluent microbiota were also characterised by employing metagenomic analyses 

of the 16S rRNA and ITS gene sequences. Taxonomic diversity analysis showed that the three major 

bacterial phyla were Bacteroidetes (39.40%), Firmicutes (33.23%), and Proteobacteria (20.1%). 

Genus richness varied in dominance distribution. Acinetobacter, belonging to the Proteobacteria 

phylum, Bacteroides, and Rikenellaceae_RC9_gut_group, both belonging to the Bacteroidetes 

phylum, were the most abundant genera and their dominance varied in each sample. Fungal diversity 

was dominated by the phyla Neocallimastigomycota (52.61%) or Ascomycota (36.18%). 

Basidiomycota appeared in small, varied levels for each sample, except the one taken on day 6, as 

this day’s sample contained an abundance of Mucoromycota. The fungal community was dominated 

by a particular genus in each sample, which included Caecomyces, Neocallimastix, and Ciliophora.  

 

The culture-dependent and culture-independent microbial content observed in the effluent samples 

from the red meat abattoir exhibited a remarkably high degree of similarity across all samples. The 

detected similarity rate ranged from 96.64 - 98.56%, indicating a striking resemblance in microbial 

diversity among the samples. Regardless of the specific animals being processed, the effluent 

consistently contained a similar microbial content. This finding suggests a significant overlap in 

microbiomes among the different animals' meat, stomach content, and hides, implying a commonality 

in the microbial species present in the effluent. The only notable difference was observed in sample 

6, which presented Mucoromycota. This finding may require further investigation, especially in high 

throughput abattoirs where pigs are the majority of the species slaughtered.  

© Central University of Technology, Free State



90 
 

The implications of these results are noteworthy for understanding the microbial ecology within the 

abattoir environment and they hold relevance for waste treatment and management practices in such 

facilities. The substantial overlap in microbial composition in the effluent samples stresses the need 

for tailored and efficient strategies to address and control microbial contamination. By recognising 

this commonality, abattoirs can potentially optimise waste treatment processes and improve overall 

hygiene standards in the quest to contribute to the preservation of environmental health and public 

safety. 
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Appendix 

 

Supplementary Table 1: Physicochemical parameters tested, including compliance to Mangaung Effluent Discharge By-Laws. Values with red font mean non-

compliance.  

Sample Day Temp 

°C 

pH EC 

mS/m 

TS 

mg.L-1 

TDS 

mg.L-1 

TSS 

mg.L-1 

STS 

mg.L-1 

TVS 

mg.L-1 

FOG  

mg.L-1 

TOC 

mg.L-1 

NH3  

mg.L-1 

NO3
-  

mg.L-1 

TKN  

mg.L-1 

PO4
3-  

mg.L-1 

SO4
2  

mg.L-1- 

Cl-  

mg.L-1 

CaCO  

mg.L-1 

tCOD  

mg.L-1 

sCOD  

mg.L-1 

Limits  6-10 500   1000   400     100 1500  1000 5000 5000 

1 25,97 7,29 103,25 3430 826,5 710 13,25 2693,3 <1  343 31 60  346 35,7 110 164 1090 5770 5240 

2 24,875 7,47 93,25 2533,33 746 557 12,5 2460 <1  38 20 50  331 26,8 100 200 1310 4920 4150 

3 25,7 7,555 152,15 7050 1217 1250 22,5 5450 <1  600 98 75  701 36,3 90 141 1600 9160 8270 

4 25,15 7,5 112,15 4183,3 897,5 712 13,5 3290 <1  398 42 69  438 23,9 60 175 1480 5350 4430 

5 26,25 7,19 101,95 3480 815,5 1430 15,5 2903,3 <1  490 45 70  4456 56,2 110 213 1470 6180 4200 

6 28,2 7,37 78,6 1326,6 628 176 2,75 1166,6 <1  130 8 5  136 15,5 10 193 890 1220 740 

7 26,525 7,565 104 4993,3 832 1030 15,75 4403,3 <1  443 22 40  491 43,2 130 163 1640 6690 5580 

8 24,85 7,705 91,3 3953,3 730 476 13,5 3696,6 <1  485 15 78  369 29,1 60 173 1530 4570 4310 

9 24,95 7,55 105,6 3986,6 845 499 7,5 3690 <1  433 48 10  334 21,8 40 193 1580 4790 4210 

10 25,15 7,63 89,4 3546,6 715 552 7,5 3026,6 <1  253 11 44  151 30,4 40 202 1340 2790 1810 

Mean 25,762 7,482 103,165 3848,33 825,25 739,2 12,425 3278 <1 341,3 34 50,1 775,3 31,89 75 181,7 1393 5144 4294 

Min 24,85 7,19 78,6 1326,67 628 176 2,75 1166,6 <1 38 8 5 136 15,5 10 141 890 1220 740 

Max 28,2 7,705 152,15 7050 1217 1430 22,5 5450 <1 600 98 78 4456 56,2 130 213 1640 9160 8270 

SD 1,045 0,15 19,78 1497,91 158,3 385,3 5,44 1154,7 0 176,20 26,6 25,8 1303,31 11,6 38,6 22,1 241 2146,5 2033,4 

% Non-Compliance 0 0   30   0     0 0  90 50 30 
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