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ABSTRACT 

 The management of agricultural soil and its sustainable use, namely productivity, is 

paramount to the agricultural industry worldwide. Large-scale agricultural product producers and 

scientists emphasise using environmentally benign methods to increase agricultural production 

such as taking a green chemistry approach to agricultural activities and/or using cultivation 

techniques for the bio-augmentation of agricultural soil. Some of these agricultural products, such 

as cassava (Manihot esculenta), produce cyanogens which promote the infestation of a cyanogen-

resistant microbial species known to produce mycotoxins during decomposition. Although 

cyanogens and mycotoxins are important components in the functioning of the earth system and 

agricultural soil, their cumulative effects can result in reduced soil productivity, hence degradation. 

Furthermore, the presence of mycotoxins in the environment and agricultural produce is 

hazardous to the environment, including the biotic communities in soil and humans. Therefore, an 

environmentally benign (green chemistry approach) method for the reduction of cyanogens and 

mycotoxins was proposed for this research study.  

 The method investigated had to be applicable in-situ for the biodegradation of cyanogens 

and mycotoxins. Their reduction from decomposing cassava in cultivated soil, which can be used 

on a small and large scale, would mitigate deleterious effects of a less reported, unknown 

mycotoxins producer (fungal species), Cunninghamella bertholletiae (KT275316), found to be a 

free cyanide- (CN-) resistant isolate. The C. bertholletiae was isolated from decomposing cassava 

tubers and silt, subsequent to culturing on potato dextrose agar (PDA) and in an equivalent volume 

of nutrient broth (NB) containing KCN (4mg/40mL) at 30 °C for 120 hrs. The isolate demonstrated 

an ability to biodegrade CN- into NH3 and NO3. NH3 and NO3 are nitrogenous by-products 

produced when young cassava plants are cultivated in a controlled environment, with 80% of the 

initial CN- concentration being efficiently degraded to NH3/NO3 at a conversion rate of 77.5% and 

72.5% (fungus from silt and cassava), respectively, within 120 hrs. 

 From this research, it was observed that Sub-Saharan Africa is the largest contributor to 

the CN- load into the environment; from cassava cultivation as per FAO data. The quantity of CN- 

released was estimated at 0.025x10-3 to 6.71 ppq, with further increases of 60.5% being projected 

to be released into the environment by 2024. As such, it was hypothetically assumed that 

numerous species in cassava-cultivated soil become CN- resistant as they are exposed to CN- 

from decomposing cassava, becoming pathogenic thus antigonistic towards other biota in 

cassava-cultivated soil. 
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Consequently, the pathogenicity of the isolate was investigated against organisms (n = 12) from 

cassava-cultivated soil. The isolate demonstrated inhibitory pathogenic activity against some soil 

bacterial communities such as Oligella ureolytica, Acinetobacter sp., Pseudomonas luteola and 

Sphingomonas paucimobilis. The isolate also demonstrated minor antagonistic effects against 

Myroides sp., Stenotrophomonas maltophilia, Candida lipolytica, Cryptococcus albidus and 

Rhodotorula sp.. Further research to identify extracellular metabolites produced by this organism, 

using a fermentation method was also carried out using a liquid state fermentation technique. 30 

mL Erlenmeyer flasks containing 25 mL of NB/KCN (source of CN-) at 37 °C for 168 hrs, with a 

volume of (5 mL), extracts from the fermentation being filtered, centrifuged, mixed with chloroform 

for a liquid-liquid extraction procedure subsequent to a nitrogen-facilitated blow-down technique 

and reconstitution with 100% analytical grade methanol, for LC/MS-TOF 6230 analysis. The 

analysis revealed that the isolate was able to produce the mycotoxins/secondary metabolites, 

Fumonisin B1 (FB1) and Deoxynivalenol (DON). 

 Though the isolate (KT275316) demonstrated the ability to biodegrade cyanide as well as 

produce mycotoxin, an environmentally benign strategy (green chemistry method) with a potential 

to biodegrade CN-/NH3/NO3/NO2 for the biodegradation of mycotoxins was evaluated, including 

the identification of biodegradation by-products post-biodegradation treatment. Thus, plant 

extracts from Nepenthes mirabilis were found to contain enzymes such as carboxylesterase, β-

glucosidase, β-glucoronidase and phosphatidyl inositol phospholipase C (identified using both 

quantitative and qualitative methods). The plant extracts were used with treated samples from the 

fermentation and were subjected to biodegradation. Thus, resulting in biodegradation by-products 

such as Heptadecanone Octadecanamide, Octadecenal for FB1 and Tolmetin for DON, 

respectively. For future research, it is therefore recommended that plant extracts with similar 

properties to those observed for N. mirabilis extracts (juice) be sought for application of the 

proposed method. 

Keywords: Agricultural soil; cassava; carboxylesterase; Cunninghamella bertholletiae; 

cyanogens; LC/MS-ToF; mycotoxins; Nepenthes mirabilis. 
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vitamins. 

Sub-Saharan Africa - The area within the continent of Africa consisting of all countries that are 
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Chapter 5:  Covers the isolation of unreported/unique cyanide-resistant organism(s), having a 

cyanide-resistant threshold of >200 mg/L, which is the maximum threshold for most organisms 

(Hodek et al. 2002), namely Cunninghamella bertholletiae, isolated from decomposing cassava 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Introduction 

 Manihot esculenta, commonly known as cassava, is a perennial plant which is consumed 

by the population of sub-Saharan Africa countries, with its tubers and leaves being found to have 

nutritional potential as a dietary supplement for protein and minerals, including vitamins (Soto-

Blanco & Górniak, 2010; Mburu et al., 2012). The produce from this plant is toxic due to its free 

cyanide (CN-) content and its precursors, such as Linamarin, Lotaustralin, and other cyanogenic 

glycosides such as 2-((6-O-(β-D-apiofuranosyl)-β-D-glucopyranosyl)oxy)-2-methylbutanenitrile), 

which are enzymatically transformed into CN- (Prawat et al., 1995; Andersen et al., 2000).  

 In the past few years, researchers have developed several methods for the reduction of 

CN- in cassava, using genetically modified cultivars (Koehorst-Van Putten et al., 2012), 

suppressing the functionality of cytochrome P450 genes (producers of enzymes CYP79D1 and 

CYP79D2) and thus inhibiting the biological conversion of Linamarin and Valine to CN- (Prawat 

et al.; 1995; Andersen et al., 2000). However, owing to the decomposition of cassava tubers due 

to harsh environmental conditions, some of the cyanogens leach into the soil in which they are 

cultivated. Therefore, there is a need to explore a user-friendly method for in-situ cyanogen and 

CN- conversion during cassava cultivation, particularly when some of the tubers decompose prior 

to harvesting (McMahon et al., 1995, Padmaja & Steinkraus, 1995) which will require minimal 

maintenance for application even in remote rural areas where cassava is cultivated and 

consumed in large quantities. The reduction of both CN- and its precursors for large in-situ 

application will thus involve a suitable biocatalyst or biological extracts, either introduced to the 

soil or using an ex-situ system whereby the biocatalyst extracts or products are produced for 

physical application in the soil for cyanogen/cyanide load reduction. Furthermore, there is limited 

information on CN-, its precursors decomposition by-products (NxOy) load into the environment 

globally which is attributed to cassava cultivation, including gaseous constituents produced by 

healthy cassava plants. 

 Any agricultural produce intended for human consumption, should meet a set of criteria 

for edible agricultural products, such as being free of contaminants and harmful microbial species, 

free of infections and having a suitable nutritional content (Henson & Caswell, 1999; Wagacha & 

http://www.ncbi.nlm.nih.gov/pubmed?term=Andersen%2520MD%255BAuthor%255D&cauthor=true&cauthor_uid=10636899
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Muthomi, 2008). The introduction of unsuitable species, even in the form of extracts produced by 

a microorganism which is not an indigenous species to the area, can result in arable land 

degradation and the disruption of local terrestrial ecosystems. Therefore, a compatibility study 

must be done to assess the suitability of a selected biocatalyst and/or extracts for in-situ cyanogen 

and mycotoxin/toxin reduction for cassava cultivation. 

 Similarly, various types of biocatalysts under varying conditions can produce 

mycotoxins/toxins. Thus, the presence of mycotoxins/toxins, either in produce, soil or in 

extracts/products used to reduce cyanogen content, can render the cassava tubers inedible 

(Hocking, 1997; Wagacha & Muthomi, 2008; Afsah‐Hejri et al., 2013; Ediage et al., 2014). This 

can result in the incompatibility of such extracts with soil micro-biota, which can exacerbate land 

degradation/deterioration, loss of soil fertility and excessive reed growth. 

 The most common microbial species present in agricultural soil are: Pseudomonas sp., 

Nocardia sp., Achromobacter sp., Flavobacterium sp., Bdellovibrio sp., Nitrosomonas sp., 

Nitrobacter sp., Aspergillus sp., Penicillium sp. and Cunninghamella sp. (Jenkinson, 1981; Rillig 

& Mummey, 2006; Vineela et al., 2008). Previous studies demonstrated that fungi such as 

Aspergillus sp. and Fusarium sp. produce mycotoxins/toxins which spoil harvested agricultural 

products (such as tubers), thus rendering them inedible (Munkvold & Desjardins, 1997; Kuti & 

Konoru, 2006: Manjula et al., 2009: Afsah‐Hejri et al., 2013: Adetunji et al., 2014: Matumba et al., 

2014).  See Appendix 2. These mycotoxins include Ochratoxin A, Fumonisin B1, Pyranonigrin A, 

Tensidol B, Funalenone, Naphtho-y-pyrones and Malformins (Ottesen et al., 2010; Perrone et al., 

2011).  

 Due to the fact that fungi such as Aspergillus sp. and Penicillium sp. are well known 

mycotoxin producers (Andersen et al., 2000; Stoilova et al., 2006; Perrone et al., 2011; Umsza-

Guez et al., 2011), the current study was aimed at unknown or less-reported species with the 

potential of producing mycotoxins/toxins which can withstand CN- released by cassava tubers 

while facilitating the decompositions of the tubers in-situ, that is in agricultural soil. Thus, amongst 

these species, Cunninghamella sp. was the isolate found to meet this criterion after an extended 

experimentation period which could also withstand varying environmental conditions in which 

cassava was cultivated, thus becoming persistent in agricultural soil.  

 Cunninghamella sp. is commonly found in soil (Asha & Vidyavathi, 2009; Budziszewska 

et al., 2010; Lima et al., 2016) and has been found to even grow on some waste such as ageing 
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sawdust (Sing et al., 2014). Furthermore, various strains of Cunninghamella sp. were found to 

grow on agricultural produce such as maize, peanuts and kola nuts (Adebajo et al., 1994; Hocking, 

1997; O'Donnell et al., 2001). However, fungal species such as Cunninghamella sp. in general 

and Cunninghamella bertholletiae in particular, were also demonstrated to be pathogenic to 

humans, causing ailments ranging from sinus, pneumonia, skin infections and with the potential 

of infecting internal organs such as vocal cords, lungs, small intestines, heart, kidneys, liver and 

the pancreas (Schell et al., 1982; Ortin et al., 2004; Righi et al., 2008).  

 It is not clear if Cunninghamella sp. produces such mycotoxins/ toxins and whether it has 

a high tolerance for CN- produced during cassava decomposition. It was therefore proposed that 

an evaluation be conducted to assess the potential of the CN- resistant and/or degrading isolate 

(C. bertholletiae) to produce mycotoxins/toxins. Furthermore, the compatibility and/or 

pathogenicity of the isolate of other soil micro-biota in which cassava is propagated must be 

evaluated. This could culminate in the determination of whether the tuber infected with such 

species was edible and to develop appropriate mitigation strategies to counter the effects of such 

isolates in soil. The successful implementation of the proposed in-situ and/or ex-situ biological 

method would enable communities to use the method, not only in rural areas, but also in small 

and large-scale plantations. An added benefit would be the conversion of cyanogen/CN- to 

ammonium nitrogen and other nitrogenous compounds that could support nitrogen dynamics in 

the soil, as cassava growth requires a soil rich in nutrients-NPK (Polthanee & Kotchasatit, 1999).  

 Cassava cultivation can happen in approximately six months to two year (maximum) 

cycles although it can be as short as six months (Howeler, 2002). Thus, after harvesting, there is 

often nutrient depletion in the soil. Therefore, the fallow field is uncultivated for at least six months 

to one year in order to allow the soil to recuperate. This creates a viable remediation and recovery 

strategy using a green chemistry approach so that the cyclical propagation strategy for cassava 

currently being used can be modified to reduce recovery time, enhance produce output and 

reduce the need for inorganic fertilizers (as used in some rural communities). In other words, to 

develop a strategy for soil bio-augmentation, the conversion of both volatilised CN- and 

toxin/mycotoxin from decomposing cassava for improved agricultural soil quality. 
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1.2 Hypothesis and research questions 

1.2.1 Hypothesis 

 Unique and/or common soil microorganism(s) which have not been reported to: 1) 

facilitate cassava decomposition, 2) be resistant to CN-, and 3) produce toxins/mycotoxins, can 

be isolated from cassava and/or cassava-cultivated soil. Furthermore, an environmentally benign 

method (using a green chemistry approach) can be proposed to mitigate CN- and toxin/mycotoxin 

load (leaching) into agricultural soil from decomposing cassava, thus lessening the possibility of 

groundwater contamination.  

 

1.2.2 Research questions 

 From the challenges highlighted, the following research questions were of considerable 

interest: 

 Is there any concentration levels of CN- and its gaseous by-products released from 

cultivated healthy cassava plants? Subsequently,  

 What is cassava’s contribution to the global CN- load in the atmosphere and its possible 

impact on the environment? 

 Are there any unique microorganisms and/or less-reported organisms which facilitate 

cassava decomposition and are resistant to CN- with the potential of producing 

toxins/mycotoxins?  

 Are the identified microorganisms pathogenic against other microorganisms in cassava-

cultivated soil? 

 What are the metabolites (i.e. toxins/mycotoxins) produced by the identified isolates which 

can render the cassava tubers inedible and thus accumulate in cassava-cultivated soil? 

 What will be a suitable, benign environmental method, that is non-invasive and based on 

the green chemistry approach, which can be proposed for large-scale cyanogen and 

toxin/mycotoxin reduction to improve the health of arable agricultural soil?  
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1.3 Research aims and objectives 

 This research was separated into numerous phases with each phase having its own 

objectives: Phase 1: (Aim 1): assessment of 1) the concentration of gases (HCN, NH3, NO2) 

released from healthy cultivated cassava plants; 2) the contribution of cassava cultivation to the 

global free cyanide (CN-) load in the atmosphere/environment; Phase 2: (Aim 2): isolation, 

identification and characterisation of unique and/or common soil microorganism(s) which have 

not been reported to facilitate cassava decomposition, which are both resistant to CN- and have 

the potential of producing toxins/mycotoxins; Phase 3: (Aim 3): assessment of the pathogenicity 

of the isolate(s) identified in Phase 2: (Aim 2) against the microbial communities in cassava-

cultivated soil; Phase 4: (Aim 4): identification of the isolate secondary metabolites/mycotoxins 

and assessment of a suitable mitigation strategy for mycotoxins/CN- and its reduction of by-

products. 

 

Phase 1: Aim 1: To assess the concentration of gases (HCN, NH3, and NO2) released from 

healthy cassava plants as well as the determination of cassava’s contribution to the global 

CN- load into the atmosphere. In order to achieve this aim, the research devolved into the 

following objectives: 

  Objective 1: Quantification of the concentration of gases (HCN, NH3, NO2) 

released from cultivated cassava plants in a controlled environment. 

  Objective 2: Determination of the contribution of cassava to global CN- load in the 

atmosphere, its possible long-term impact in the environment using projections-based Food 

And Agriculture Organization (FAO) data, that is, linearised models and Geographic 

Information System (GIS) to map such distribution continentally (focusing on cassava-

producing countries). 

 

Phase 2: Aim 2: Isolation, identification, and characterisation of unique and/or common soil 

microorganism(s) which have not been reported to facilitate cassava decomposition, which 

are both resistant to CN- and have the potential of producing toxins/mycotoxins. To achieve 

this aim, this part of the study focused on the following objectives: 
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  Objective 1: Isolation, identification and characterisation of organisms from 

decomposing cassava and cassava-cultivated soil which are free cyanide tolerant/resistant. 

These organisms had to withstand a free cyanide-tolerance threshold >200 mg/L. As such, a 

concentration was found to be the maximum that most organisms could tolerate. 

  Objective 2: Assess the ability of the isolate to biodegrade free cyanide and its 

by-products; that is, nitrogenous by-products associated with free cyanide biodegradation and 

which can leach into agricultural soil, thus contaminate groundwater sources. 

 

Phase 3: Aim 3: Screening of the isolate (identified in Phase 2: Aim 2) for pathogenic activity 

against microbial communities in cassava-cultivated soil. To achieve this aim, this part of the 

study focused on the following objectives:  

  Objective 1: Isolation, identification and characterisation of a few culturable and 

common (n = 12) soil organisms from cassava-cultivated soil. 

  Objective 2: Screening the isolate (identified in Phase 2: Aim 2) for pathogenic 

activity against a few (n = 12, from objective 1 above) soil microorganisms (bacteria and fungi) 

from cassava-cultivated soil. 

 

Phase 4: Aim 4: Identification of secondary metabolites/mycotoxins/toxins produced by the 

cyanide-resistant isolate and identify (propose) a mitigation strategy for the reduction of these 

mycotoxins; that is, a method/strategy which can be applied in-situ. To achieve this aim, this 

part of the study focused on the following objectives:  

  Objective 1: Identification of secondary metabolites/mycotoxins produced by the 

cyanide-degrading isolate(s) using suitable analytical instruments, which can 1) render the 

cassava tubers inedible, and 2) contaminate arable agricultural land, including groundwater 

sources. 

  Objective 2: Assessing a proposed method of mitigation 

(biological/environmentally benign method) which can be applied in-situ for the reduction of 

these secondary metabolites/mycotoxins/toxins in cassava-cultivated soil. This method must 

also have the potential to facilitate CN- reduction, its biodegradation by-products. 
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1.4 Significance of the study 

This research study contributed to the following: 

 The monitoring/quantification of cyanogen/mycotoxin loading into the environment, soil 

largely used for cassava cultivation and the proposal of a biological method for the reduction of 

such cyanogen/mycotoxin loading. The proposed method was suitable for adaptation and for use 

even in rural areas that cultivate cassava as a primary and, perhaps, a main nutritional source. 

 

1.5 Delineation of the study 

In this study, the following aspects were not studied: 

 Economic evaluation and feasibility of the proposed mycotoxin/CN- mitigation method on a 

large scale, or in-situ/trial studies. Such evaluation/studies can be undertaken as an additional 

project as highlighted in the recommendations of this thesis;  

 Microbial growth kinetics of all isolates identified, characterised and used in this study. 

Microbial growth was assessed by both microscopic and visual inspection during experimental 

culturing, using appropriate media;  

 Assessment of the availability of a proposed extracts method as this can be a research study 

on its own. See recommendations section (Chapter 8). 
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1 Introduction 

 Cyanogens have been widely demonstrated to be an important component in various 

living organisms within the earth’s system (Conn, 1981; Figueira et al., 1996; Jones, 1998). These 

compounds have been reported to have an influential role in the lives of several organisms on 

earth (Conn, 1981; Figueira et al., 1996) and are characterised by the presence of a carbon and 

nitrogen functional group held together by a triple bond (C≡N). The simplest form, which is 

predominant in the environment, is hydrogen cyanide (HCN), with nitriles (Cumbana et al., 2007, 

Montagnac et al., 2009, Ubalua, 2010) and cyanogenic glycosides (CGs) being other forms of 

these compounds (Conn, 1981; Cressey et al., 2013; Hidayat et al., 2016).  

 Generally, free cyanide originates from both anthropogenic and natural processes (Dash 

et al., 2006; Cumbana et al., 2007). The anthropogenic sources of cyanide range from effluents 

discharged from various industrial wastewater treatment plants, agricultural runoff, mining 

activities and electroplating industries (Siller & Winter, 1998; White et al., 2000; Akcil & Mudder, 

2003; Ebbs, 2004; Magnusson et al., 2012; Dash et al., 2014), including the application of some 

cyanides containing insecticides, which culminate in environmental contamination (McQueen, 

2015). 

 Free cyanide and cyanogenic glycosides (CGs) have also been generated in plants and 

agricultural produce such as Manihot esculenta (cassava), with the waste generated through 

processing such produce contributing to the cyanide load into the environment. During cassava 

harvesting and processing, plant-borne hydrolases result in the conversion of CGs into by-

products which are released into the environment, although sometimes this is due to produce rot, 

a consequence of microbial contamination of the produce and wastewater generated from 

processing such produce (Siller & Winter, 1998; Ubalua, 2010; Okechi et al., 2012). 

  As a result of produce-facilitated microbial decay, due to the availability of pathogenic 

organisms in soil where the produce grows, mycotoxins are also produced. Mycotoxins are fungal 

secondary metabolites that also have a negative impact on the wellbeing of humans and animals 

(Alassane-Kpembi et al., 2013; Klarić et al., 2013). 
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 Mycotoxins co-occur with other bacterial toxins in spoiled agricultural produce such as 

cassava. Previous studies on mycotoxins/toxins revealed that these compounds are also 

hazardous to animals and humans (Adetunji et al., 2014; Delgado et al., 2014; Ediage et al., 

2014). Generally, it has been reported that CGs as well as mycotoxins/toxins occur naturally in 

flora and organisms (fungi/bacteria) as a result of biosynthesis, with their prevalence being 

quantifiable in many agricultural products such as cassava, apples, spinach, apricots, cherries, 

peaches, plums, quinces, almonds, sorghum, lima beans, corn, yams, chickpeas and cashews 

(Kuti & Konoru, 2006; Cressey et al., 2013; Ediage et al., 2014). See Appendix 2. 

 Although some microorganisms and plants synthesise these compounds for their survival 

when exposed to harsh environmental conditions, their cumulative production can contribute to 

ecological disturbances. Furthermore, it was also found that various arthropods and invertebrates 

produced cyanogens as a defence mechanism and for controlling mating behaviour (Gleadow & 

Woodrow, 2002; Ismaiel & Papenbrock, 2015), although on a minute scale. Research by Jones 

(1998) indicated that plants, including microorganisms, are known to be major producers of these 

compounds owing to their physiology. Thus, the presence and loading of these cyanogens and 

mycotoxins/toxins into terrestrial ecosystems is largely overlooked, although they have some 

negative effects on the physico-chemical and biological properties of soil, particularly arable land 

as well as the environment in general (Jones, 1998; Okechi et al., 2012).  

 Previous studies have stated that cyanogen and mycotoxin loading in agricultural soil can 

have a serious impact, disturbing the local terrestrial ecosystem functionality (Rillig & Mummey, 

2006; Okechi et al., 2012). Current evidence suggests that most studies on agricultural produce 

such as cassava, known for its high cyanogen content, have predominantly focused on the 

production of the crop for nutritional and industrial purposes, with its effects on soil (including the 

surrounding environment) being overlooked (Ubalua, 2010; Okechi et al., 2012). Accordingly, 

minimal research has been completed on cyanogen and mycotoxin loading, including their 

behaviour and movement in soil that can culminate in groundwater contamination. Generally, a 

large quantity of agricultural produce, such as cassava tubers, perishes prior to harvesting for a 

variety of reasons. Although free cyanide and mycotoxin toxicity is widely reported, their level of 

toxicity is also influenced by cumulative exposure and the continuation of their release from 

produce into the environment. Cyanogen and mycotoxin loads and their movement in soil, 

including their potential to contaminate underground water which is used in impoverished 

communities where cassava is cultivated mostly as a source of protein and starch, are largely 
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under-reported (Brakhage, 1998; Brakhage et al., 1999; Brakhage & Schroeckh, 2011; Brakhage, 

2013).  

The highlights of an extended literature review are condensed and reported here:  

 There are similarities in the movement of cyanogens and mycotoxins, including their 

degradation by-products in soils due to mass transfer processes influenced by the 

moisture content in the soil; 

 Cyanogen and mycotoxins can hypothetically distort the soil’s characteristics with 

seepage into groundwater systems which is of paramount concern, negatively impacting 

on terrestrial and aquatic life and water quality; 

 This seepage will culminate in prolonged, cumulative human and animal exposure.  

 The sustained exposure within a terrestrial ecosystem that serves as a habitat for a 

multitude of living organisms, albeit at varying concentrations for both cyanogens and mycotoxins 

from diverse sources, is detrimental. Methods can be developed to reduce their voracity with 

mitigation strategies implementable in communities with low literacy levels to quantify and reduce 

these compounds concentrations in soil as well as in groundwater sources (Barclay et al., 1998; 

Baxter & Cummings, 2006).  

 

2.2 Cyanogen and mycotoxin reduction 

 Several methods for cyanogen reduction have been proposed and include physical, 

chemical and biological methods (Figueira et al., 1996; Akcil et al., 2003; Akcil & Mudder, 2003; 

Ebbs, 2004; Cumbana et al., 2007; Dash et al., 2014). However, it has been reported that some 

of these methods require high input costs and sophisticated knowledge and/or training to 

implement successful removal strategies (Figueira et al., 1995; Gurbuz et al., 2004; Hossain et 

al., 2005). Meanwhile, scientists have embarked on research to intensify reduction methods for 

these toxicants in the environment by using techniques which are deemed environmentally 

benign. Such novel ways of reducing both cyanogen and mycotoxin levels in the environment, 

including agricultural produce destined for consumption, are generally considered cost effective 
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when compared with long-term outcomes of the lack of implementation of control measures 

(White et al., 2000; Siritunga & Sayre, 2003; Vanhoutte et al., 2016). 

 

2.2.1 Biological reduction of cyanogens 

 The biological reduction of CGs as a source of cyanide, as well as mycotoxins, has gained 

popularity and has been a huge research focus area (Siller & Winter, 1998; White et al., 2000; 

Siritunga & Sayre, 2003; Hossain et al., 2005; Vanhoutte et al., 2016). As such, genetically 

modified cassava cultivars with a suppressed cytochrome P450 gene functionality (producers of 

enzymes CYP79D1 and CYP79D2), may inhibit the infiltration of linamarin as it can be converted 

into free cyanide from valine (Andersen et al., 2000). 

 Furthermore, other biological treatments for free cyanide involve the application of 

microorganisms known to be toxin producers. These include bacteria such as Pseudomonas sp., 

Nocardia sp., Achromobacter sp., Flavobacterium sp., Bdellovibrio sp., as well as nitrifiers 

(bacteria) such as Nitrosomonas sp., Nitrobacter sp., Sphingomonas sp., Exophiala sp., 

Curtobacterium sp., Eubacterium sp. and fungi such as Aspergillus sp. and Penicillium sp. 

(Figueira et al., 1995; Figueira et al., 1996; Siller & Winter, 1998; White et al., 2000; Akcil et al., 

2003; Ebbs, 2004; Hossain et al., 2005; Dash et al., 2006; Vanhoutte et al., 2016). See Appendix 

2. Amongst these microorganisms, Aspergillus sp. and Penicillium sp. are the most prevalent 

species able to grow successfully in stringent weather conditions, with some including 

Cunninghamella sp. being abundant in soil (Schell et al., 1982; Zheng & Chen, 2001), and have 

the ability to grow on a variety of agricultural produce, namely maize, peanuts and tubers (Adebajo 

et al., 1994; Hocking, 1997; Sing et al., 2014) (Appendix 2). 

 In soil consisting of fungal biocatalysts of different origins, scientific evidence seems to 

indicate that agricultural produce appears to be susceptible to spoilage due to substrate 

availability which results in the proliferation of spoilage causing microorganisms (Adebajo et al., 

1994; Wagacha & Muthomi, 2008; Bhat et al., 2010; Adetunji et al., 2014; Matumba et al., 2014; 

Ediage et al., 2014). It has also been reported that fruit or produce has trace elements such as 

Ca, Na, K, Zn, low relative molecular weight hydrocarbons, including proteins and moisture, 

providing conditions which facilitate microbial growth and thus proliferation of spoilage organisms 

(Hocking, 1997; Afsah‐Hejri et al., 2013; Ediage et al., 2014). Owing to this, some microorganisms 

produce hydrolases, reducing primary compounds in produce to by-products, furthering physico-
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chemical changes in the environment in which they are growing (Knudsen, 2006; Rillig & 

Mummey, 2006). These conditions seem to be ideal conditions in which cyanide-reduction 

organisms proliferate, conditions which are nutrient-rich as a result of nutrient availability from 

decaying produce. 

 Some of the cyanogens are reduced to by-products such as bicarbonate and ammonia. 

The ammonia, formed during the process, is further utilised by the microorganisms as a source 

of nitrogen, supporting increased microbial growth (Henrikson et al., 2009; Heinl et al., 2011; 

Umsza-Guez et al., 2011). In the agricultural industry, the reduction of both cyanogens and related 

compounds is complex as in-situ quantification of such processes is reported on minimally. The 

development of processes and strategies which are environmentally benign, those of biological 

origin, is gaining popularity due to their simplicity and beneficial advantages as they are 

considered less harmful and can be beneficial for economic management for improving the 

profitability of the manufacture of commercial agro-produce (Barclay et al., 1998; Gurbuz et al., 

2004; Dash et al., 2014; Sing et al., 2014). Owing to the exposure to cyanogen, including by-

products from cyanogen conversion/transformation, some species become tolerant, thus evolving 

biologically. 

 For example, Sing et al. (2014) successfully isolated a fungus, namely, Cunninghamella 

sp. UMAS SD12 from sawdust, with an ability to biodegrade 51.7% Pentachlorophenol (PCP) 

within 15 days in a controlled static environment. However, more research needs to be conducted 

to assess direct evolvement of the microbial ecosystem as other microorganisms that constitute 

a community for the betterment of soil, can reduce the viability of such soils and/or resulting in 

some organisms producing extracellular secondary metabolites such as mycotoxins. 

 

2.2.2 Biological reduction of mycotoxins 

 There are numerous mycotoxins which are known to contaminate agricultural produce 

such as cassava. Amongst the mycotoxins, Fumonisin B1 and Deoxynivalenol (DON) are 

common (see Appendix 2). The biodegradation of Fumonisin B1 and DON can be achieved 

through direct conversion using detoxification processes with different pathways (Vanhoutte et 

al., 2016). 
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 For example, Fumonisin biodegradation was observed through the elimination of the 

tricarballylate side chains and amino groups. The enzymatic hydrolysis of such mycotoxins might 

involve carboxylesterases and aminotransferases from bacteria such as Sphingomonas and 

Sphingopysis sp. normally found in soil, which have the ability to detoxify recalcitrant, persistent 

organic pollutants (PoPs) such as Polycyclic aromatic hydrocarbons (PAH’s) (Duvick et al., 1998; 

Duvick et al., 2003; Heinl et al., 2011; Amodu et al., 2013; Vanhoutte et al., 2016). Other 

researchers have reported degradation or detoxification of Fumonisin B1 including the by-

products of toxins by oxidative deaminase from Exophiala sp., a common soil organism (Duvick 

et al., 1998; Blackwell et al., 1999; Duvick et al., 2003; Vanhoutte et al., 2016). Bacillus sp., 

including non-saccharomyces yeast commonly found in soil, was also suggested to destabilise 

functional groups in the structure of mycotoxins and thus reduce their amino acid to functional 

groups albeit at elevated pH (Camilo et al., 2000). 

 In most instances, the biodegradation process of most mycotoxins involves a consortium 

of organisms which utilise a variety of degradation pathways (Blackwell et al., 1999; Duvick et al., 

2003). Overall, the initial biodegradation stage starts at extracellular level by deamination or 

facilitation by esterase with the last biodegradation step involving microbial/enzymatic decoupling 

of the aliphatic chain within the mycotoxin molecule (Vanhoutte et al., 2016). For example, the 

first biodegradation steps of DON, using Curtobacterium and Eubacterium sp., were found to be 

initiated by the de-epoxidation step, which is subsequently followed by oxidation (Guan et al., 

2009; Vanhoutte et al., 2016). 

 

2.3 Toxicity of cyanide as a cyanogen and mycotoxins from cassava 

2.3.1 Toxicity of cassava 

 Worldwide, cassava is utilised as a primary foodstuff for many communities of Africa, Asia 

and South America (Padmaja & Steinkraus, 1995; Fasuyi, 2005; Montagnac et al., 2009; Mburu 

et al., 2012; Hidayat et al., 2016). Cassava’s toxicity is due to cyanogens such as linamarin, 

lotaustralin and 2-((6-O-(b-D-apiofuranosyl)-b-D-glucopyranosyl)oxy)-2-methylbutanenitrile) that 

are biologically transformed into hydrogen cyanide (Prawat et al., 1995; Andersen et al., 2000). 

As a result of enzymatic hydrolysis, linamarin is transformed in plant tissue into acetone 

cyanohydrin (Montagnac et al., 2009). At an increased temperature of ˃30oC and a soil pH of 5, 

respectively, conditions associated with arid regions which are suitable for microbial proliferation 
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and thus the contamination of agricultural produce and spoilage,  acetone cyanohydrin is 

released, resulting in its decomposition into acetone and hydrogen cyanide (Andersen et al., 

2000; Montagnac et al., 2009) (see Figure 2.1). Several studies have been done on the impact of 

the cultivar on humans as a result of direct ingestion (Kamalu, 1995; Ernesto et al., 2002; Siritunga 

& Sayre, 2003; Fasuyi, 2005; Soto-Blanco & Górniak, 2010) as cyanide concentration in the tuber 

is estimated to be as high as 450 mg/kg (Hidayat et al., 2016). An illustration of the enzymatic 

hydrolysis of linamarin to hydrogen cyanide is illustrated in Figure 2-1 below. 

 

 
Figure 2-1: Enzymatic hydrolysis of linamarin to hydrogen cyanide 

 

 Thus, its prolonged consumption may be toxic (Hidayat et al., 2000; Hidayat et al., 2016). 

However, there is minimal information on hydrogen cyanide loading into arable land in which 

cassava is cultivated. Furthermore, free metal ions which are also exposed to hydrogen cyanide 

in such a soil, can form metallic cyanide complexes under suitable conditions, prolonging the 

prevalence of cyanide-based compounds in the soil further, which might leach into groundwater. 

 

2.3.2 Impact of cyanogens on biochemical and physical properties of agricultural 
soil 

 Although the conditions and diversity of habitats contribute to and thus influence the 

biochemical and physical properties of arable soil (Knudsen, 2006; Rillig & Mummey, 2006), a 

high cyanogen load in such a soil can have a negative impact on the soil’s microbial population, 

with sustained exposure and an increased concentration of cyanogens hindering the microbial 

activity and thus the functionality of soil microorganisms leading to the deformation of the 
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biochemical, including the physical properties of the soil. A high hydrogen cyanide concentration 

load in such a soil was found to contribute to an increase in the total organic carbon (TOC) and 

chemical oxygen demand (Dzombak et al., 2005), reducing the ability of Nitrobacter sp. to sustain 

nitration processes ( Kim et al., 2008; Kim et al., 2011). Therefore, an increase in the hydrogen 

cyanide loading could lead to an imbalance between Nitrospira and Nitrobacter sp., resulting in a 

higher count of species with a hydrogen cyanide-resistant ability. The change in the microbial 

population balance could lead to a stunted growth and/or variations in the growth of a cultivar. 

This can easily culminate in the dominance of the species which can be a spoilage organism with 

free cyanide-resistant characteristics contributing to spoilage patterns/microbial contamination of 

the produce in question. 

 For mitigation strategies during the post-harvesting period, preparation of soil for re-

cultivation could lead to inadequate organic matter (OM), a variation in total nitrogen (TN) content 

and availability, which can interfere with soil biochemical and physical properties (Meeussen et 

al., 1994; Dzombak et al., 2005).  

 Research on the physicochemical characteristics of cassava-cultivated soil has shown a 

correlation between continuous cassava cultivation and a decline in the soil’s physico-chemical 

properties (Howeler, 1998). Therefore, continuous cultivation of cassava, which normally happens 

in impoverished communities, could result in a decrease in soil quality, bulk density, organic 

carbon (OC), OM, trace elements, moisture, infiltration rates, including holding capacity and 

aggregate stability. Howeler (2002) reported further that the average nutrient removal rate per ton 

of cassava tubers harvested is equivalent to N = 2.53 (38%), P = 0.37 (49%), K = 2.75 (56%), Ca 

= 0.44 (16%) and Mg = 0.26 (30%). Thus, cyanogen loading was reported to have an indirect 

impact on the C:N ratio, which resulted in a pH increase with depth, while it was found that OC, 

TN, and OM distortions had been entrenched. 

 Similarly, Matsumura and Kojima (2003) examined the relationship between cyanogen 

concentration, pH and soil moisture, determining that, with an increase in cyanogen levels, soil 

pH increases with moisture content availability, further supporting the retention of cyanogens with 

such a pH. 

 The concentration of cyanogenic compounds was shown to vary from soil to groundwater 

and from one site to another ( Meeussen et al., 1994; White & Markwiese, 1994; Kjeldsen, 1999; 



 

  18 

Ubalua, 2010), which suggested that the discrepancies in distribution could be due to the mobility 

of the contaminants (Meeussen et al., 1994). 

2.3.3 Production of mycotoxins 

 Terrestrial ecosystems are populated by a diversity of microorganisms that contribute to 

and maintain the ecological as well as the biological balance. These organisms contribute to the 

characteristics of the soil which directly influences soil productivity and crop yield in the 

agricultural sector (Brookes, 2001; Chen & Hu, 2004; Knudsen, 2006; Rillig & Mummey, 2006; 

Vineela et al., 2008). However, some have been shown to exhibit pathogenicity toward mature 

produce. For example, during the growth and up to the harvest stage of cassava tubers, several 

pathogenic organisms with mycotoxin production potential can dominate several other species of 

bacteria and fungi on the tuber and in cassava-cultivated soils (Sing et al., 2014). Some of these 

organisms are even resistant to the free cyanide in cassava, and with their inherent 

characteristics, such as their predisposition for survival, they produce mycotoxins such as 

Ochratoxin A, Aflatoxins, Fumonisin B, Pyranonigrin A, Tensidol B, Funalenone, Naphtho-y-

pyrones, Deoxynivalenol (DON) and Malformins (Perrone et al., 2006; Stoilova et al., 2006; 

Perrone et al., 2011; Varga et al., 2011). (See Appendix 2). Research revealed that exposure to 

mycotoxins pre/post-harvest and their presence in soil can render the cassava tubers inedible 

(Shifrin et al., 1996; Stoilova et al., 2006), leading to cumulative and increased levels due to 

sustained use of pre-recovery land for cultivation to produce an essential food source, a method 

which will affect the soil’s ecology.  

 

2.3.4 Mycotoxins effects on soil ecology 

 Soil ecology is influenced by biochemical processes, biotic relations and physical 

conditions which are paramount to its health (Brookes, 2001; Chen & Hu, 2004; Knudsen, 2006; 

Rillig & Mummey, 2006; Vineela et al., 2008). The biochemical characteristics of the soil used for 

cultivation is related to its microbial diversity as well as its pollutant content (Knudsen, 2006), with 

the soil’s microbial community playing a transformative role with regard to the soil nutrient 

availability, health and fertility, all of which enhance the soil’s quality, including its productivity 

(Vineela et al., 2008). Furthermore, the microbial ecology of any soil facilitates the flow of nutrients 

through immobilisation processes, which result in the soil’s bio-augmentation (Wani & Lee, 1995; 
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Rillig & Mummey, 2006), contributing to the soil structure that assists in the formation of nutrient-

rich aggregates.  

 According to Knudsen (2006), soil aggregates are created due to microbial activity, albeit 

at a microscopic level, linking banding soil particles, while the extracellular polysaccharides from 

bacterial cells play a role in holding soil aggregates together (Vineela et al., 2008). With 

subsequent structuring and compaction, parameters influence on the quality of the soil’s texture: 

porosity, aeration, moisture permeability and circulation, including organic matter content 

(Schjønning et al., 1999; Rillig & Mummey, 2006). Soil grain cohesion, porosity, permeability and 

organic matter content are vital for soil quality and fertility, particularly for soil demarcated for 

sustaining the production of agricultural produce. All these parameters are indispensable for the 

sustainable use of arable soil for food production and productivity for crop yield (Knudsen, 2006; 

Vineela et al., 2008). Additionally, soil health can also be affected by surface, subsurface and 

ground water supply, including groundwater quality, which has been contaminated with 

mycotoxin,  assisting the mobility of these toxins to soil free of contaminants. 

 Soil moisture content is also vital for soil functionality as it serves as a water reservoir for 

the terrestrial ecosystem, playing a major role in the water cycle between surface and subsurface 

water, thus affecting the quality of groundwater when contaminated (Vervier et al., 1992; Fetter & 

Fetter, 1999). High mycotoxin loading into the soil may thus impact its functionality. Thus the 

interaction of pollutants with microorganisms, invertebrates, vertebrates and cultivated crops, 

which eventually leads to the reduction of groundwater quality, may lead to the increase of 

sustained leaching or periodic contamination of the water, to which humans can easily be 

exposed. The distribution of pollutants in a terrestrial hydrological cycle might have long-term 

disastrous consequences for surface, subsurface and groundwater supply (Fetter & Fetter, 1999) 

to impoverished communities.  

 Previous studies on mycotoxin mobility in soil revealed that the movement of these 

contaminants is influenced by processes such as deposition, decomposition, distribution and 

accumulation (Ubalua, 2010), while the concentration of the compounds increases with soil depth. 

Soil with a high moisture content creates conditions that lead to the increase of the contaminants’ 

ability to be transferred, based on processes such as infiltration, percolation and leaching into 

groundwater (Meeussen et al., 1994; Fetter & Fetter, 1999). The land detoxification bioprocesses 

and strategies may involve extended periods during which the land is unusable.  
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 Furthermore, several studies on the effects of cassava effluents on soil, including 

microbiota, found that a high mycotoxin concentration in soil is harmful to some soil 

microorganisms. Some of these mycotoxins are produced because of inhabitative competition. 

This means that organisms will produce these mycotoxins to limit the proliferation of others, 

particularly under nutrient-depleted conditions.  

 Previous studies revealed that mycotoxins from cassava are mobile in soil and destroy the 

resident soil’s organisms (Baumgarte & Tebbe, 2005; Rui et al., 2005). Additionally, Okechi et al. 

(2012) have shown that the effects of cassava effluents on soil microbial populations culminate in 

a discrepancy between bacterial and fungal populations at different pH levels and soil depths. 

The study indicated varying bacterial populations from the upper layers of the soil which increased 

in comparison to those recorded in the lower (deeper) soil layers, with high concentrations of the 

mycotoxins and their producers being observed in the lower soil layers, a process furthered by 

leaching. Similar total fungal population counts revealed a similar phenomenon at surface, 

subsurface and deeper soil layers. 

 

2.3.5 Cyanogen and mycotoxin movement behaviour in soil 

 The behaviour of cyanogen and mycotoxins in soil, groundwater and the environment is 

largely controlled by numerous biochemical reactions and processes. There are similarities and 

differences between the processes involved in the behaviour of each contaminant, which is 

controlled by the conditions the contaminants undergo when in the soil and groundwater. These 

processes are primarily influenced by numerous biochemical processes and by the structure, 

properties and behaviour of the compounds in the environment. According to Kjeldsen (1999), 

the behaviour of cyanogen and mycotoxins, from soil into groundwater, is largely influenced by 

processes such as degradation, transformation and complexation (see Figure 2.2).  

 Furthermore, exposure to humans and wildlife, including environmental contamination, is 

also directly associated with pathways such as volatilisation, dermal contact and ingestion of 

degradation by-products from the transformation of the primary toxicant/pollutant due to its 

transportation pathways, facilitated by leaching mechanisms into groundwater (Shifrin et al., 1996; 

Kjeldsen, 1999). Thus, when not monitored, the environmental prevalence and exposure of these 

contaminants can be harmful to human health/wildlife, thus environmental health.  
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 For example, the concentration of leached iron-cyanide complexes in groundwater in a 

cyanide-contaminated environment ranged between 2 to 12 mg/L in lower soil levels (Meeussen 

et al., 1994; Shifrin et al., 1996). The prevalence of such complexes can be influenced by the 

reactivity of free metal ions and their interaction with free hydrogen cyanide from cassava. These 

compounds may be transformed (through decomposition) to free cyanide at a later stage; 

although, most are stable with a long half-life, thus may enter an aquifer through processes such 

as infiltration and leaching.  

The movement of cassava cyanogen and mycotoxin movement in agricultural soil is illustrated in 

Figure 2-2. 
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Figure 2-2: Cassava cyanogen and mycotoxin movement in agricultural soil. Key: NO3– (nitrate), NO2– (nitrite), Fe (CN)6
3-

(ferrocyanide), Fe(III)(CN)6
4− (ferricyanide), SCN (thiocyanide), NH4-N (ammonium nitrogen), CN- (cyanide ion), - OCN (cyanate), 

N2O (nitrous oxide), NyOx (nitrogen oxides) 
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 It is also important to point out that the behaviour of contaminant movement in terrestrial 

and/or aquatic ecosystems and the environment in general, is also influenced by parameters such 

as periodic wash-off, moisture saturation and time. Based on the stability of each individual 

contaminants, including their by-products, the mobility can also be spontaneously influenced by 

their rate of conversion, thus degradation, and even become volatilised under suitable conditions 

(Kjeldsen, 1999; Zidenga et al., 2012), depending on their vapour pressure. Time or length of 

exposure is a very important aspect, particularly where human exposure is assessed, which is 

generally neglected or unclear in many recent studies. Similarly, contamination gradients must be 

established because of groundwater flow, including level variations as well as the influence of the 

immediate surroundings by the water-body, which might contribute to acute exposure levels. 

Furthermore, from the produce itself, volatilised compounds can undergo photo-decomposition 

due to UV effects contributing to pseudohalogen accumulation in the Tropo- and Strato-sphere 

(see Figure 2.2). 

 

2.4 Cyanogen and mycotoxin effects on humans/animals 

 As previously stated, cassava can be toxic when consumed in large quantities due to its 

cyanogen content (Prawat et al., 1995). A prolonged consumption of cassava in different forms 

can be harmful for humans in particular, owing to inadequacies in post-harvest treatment 

techniques (Ernesto et al., 2002; Fasuyi, 2005; Montagnac et al., 2009). For instance, studies on 

cassava cyanide effects in humans revealed that a permanent consumption of low-level 

concentrations of cyanide from poorly processed cassava, could result in goiters and Tropical 

Ataxic Neuropathy (TAN) (Shifrin et al., 1996; Siritunga & Sayre, 2003), while a high consumption 

of the produce could result in neurological disorders, such as Konzo (Kamalu, 1995; Soto-Blanco 

et al., 2002). Most post-harvest cyanogen removal techniques focus on free cyanide-removal 

techniques, without accounting for transformed varieties, including cyanide complexes and 

thiocyanates, which are not reduced by common treatment technologies because of their 

characteristics. 

 A team of researchers conducting studies on the thiocyanate concentration in urine 

samples of pupils who consumed cassava in Mozambique, revealed that a mean concentration of 

urinary thiocyanate in schoolchildren ranged from 225 to 384 mol/L, while a mean total of 

cyanogen concentrations in processed cassava flour varied with the seasons and years from 26 

to 186 mg/L (Ernesto et al., 2002). Similarly, a study by Shifrin et al. (1996) revealed that 
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mycotoxins could easily be absorbed through dermal contact, ingestion and inhalation, 

highlighting that some mycotoxins are hazardous and are proposed to be carcinogens facilitating 

mutation in human’s cells, an effect that can be postulated to suggest their facilitation of cancer 

formation in humans.  

 In animals, on the other hand, an increased consumption of tuber debris and/or waste of 

produce processing, could lead to neuronal disturbances, weight loss and dysfunctional thyroid 

glands (Kamalu, 1995; Soto-Blanco et al., 2002; Soto-Blanco & Górniak, 2010). Observations 

reported by Wade et al. (2002) on cassava waste in fish, such as the Nile Tilapia (Oreochromis 

Niloticus), revealed that some cyanogen caused oedema, gill lamella’s telangiectasia, gill 

enlargement, formation of vacuoles and liver cell deterioration. Similar health outcomes for 

humans and animals were observed in acute mycotoxin exposure, including ingestion. These 

outcomes were, inter alia, weight loss, bleeding of internal organs, respiratory diseases (Asthma, 

Pneumonia), diarrhea, liver and kidney cancer, and skin irritation (Bankole & Mabekoje, 2004; 

Bhat et al., 2010; Afsah‐Hejri et al., 2013). Therefore, a large-scale propagation of agricultural 

produce with cyanogens, which are susceptible to spoilage by mycotoxin producers, requires 

continuous monitoring to ascertain its quality. Such produce should be free of both cyanogens and 

mycotoxins, primarily if it is destined for human and animal consumption and/or exposure. In this 

case, required strategies for the reduction of exposure must be implemented.  

 

2.5 Summary 

 Cassava, in general, and cassava tubers, in particular, are indispensable for daily self-

nourishment of several poor communities worldwide owing to their nutritional value. However, 

when exposed to environmental processes, as well as bacterial and fungal attacks that can occur 

prior to harvesting, the produce is susceptible to releasing cyanogen and mycotoxin compounds 

that are hazardous to humans, animals and the environment. These contaminants, and the 

mobility of their by-products into the terrestrial ecosystem, are similar and are facilitated by 

environmental processes such as transformation, complexation, percolation and volatilisation as 

they can travel from surface and subsurface to the underground water level, which can result in 

exposure to both animals and humans. The presence of these compounds in arable land can lead 

to their accumulation, which can negatively affect soil properties, groundwater quality and the 

environment, thus contributing to a decline in the production of useful produce such as cassava 

tubers. Monitoring, particularly in communities that use such an arable soil on a continuous basis, 
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can limit the intoxification of humans and animals, by effectively implementing suitable reduction 

strategies, thus minimising environmental pollution. Therefore, continuous monitoring, quality 

assurance and novel in-situ biological reduction methods (for treatment of the contaminants) are 

paramount to ensuring a healthier agricultural soil, clean surface and groundwater quality. 

 

Limitations of current research studies include (but are not limited to): 

Minimal and/or limited research on: 

➢ Common soil organisms and/or unique pathogenic microorganisms which:  

 facilitate cassava (Manihot esculanta Crantz) decomposition and which are also resistant 

to cyanogens such as free cyanide from decomposing cassava, 

 have not been previously reported to produce toxins and/or mycotoxins which can 

contaminate agricultural produce commonly cultivated in some arid regions as a primary 

food source in countries such as those in sub-Saharan Africa, and 

 produce other extracellular bio-products that have a negative impact on other resident 

organisms (soil biota). 

 

Furthermore, previous studies have also indicated the need to:  

➢ Develop suitable agricultural soil remediation strategies (methods) by using a green 

chemistry approach in order to improve soil productivity, in particular to: 

 reduce the impact of consistent toxin and/or mycotoxin including cyanogen loading into 

agricultural soil from decomposing produce such as cassava. 
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CHAPTER 3 

3. RESEARCH DESIGN, MATERIALS AND METHODS 

3.1 Overview of research design and methodology 

 The overview of the research design and methodology used is sequentially listed below 

to address the following: 

 Quantification of the concentration of gases (HCN, NH3, NO2) released from young cassava 

plants as well as determination of the cassava contribution to the global cyanide load into 

the atmosphere. See Chapter 4; 

 Isolation, identification and characterisation of a previously unreported cyanide tolerant 

strain, which facilitates cassava decay with a potential of producing mycotoxins. See 

Chapter 5; 

 Screening of the isolates (isolated in Chapter 5) and pathogenic activity on the microbial 

communities in cassava-cultivated soil. See Chapter 6; 

 Identification of secondary metabolites/mycotoxins produced by the cyanide-resistant isolate 

and identification of mitigation means of reduction of these mycotoxins including CN- and its 

degradation by-products. See Chapter 7. 

 

3.1.1 Quality of Chemical reagents  

 Chemical reagents used were all certified analytical grade reagents and/or test kits, such 

as PowerBiofilm DNA isolation kit (MOBIO Laboratories Inc., CA- USA). Primers for ITS1, ITS2 

and ITS4 (see Appendix 1), as well as PCR reagents (Inqaba Biotec, S.A.) and a master mix 

(Lasec Pty Ltd, S.A.). The absolute chloroform and methanol used were purchased from an 

international supplier through the local distribution office (Sigma-Aldrich Corporation, S.A.). 
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3.1.2 Mapping of cassava production and estimated HCN into the environment 

from cassava production 

 Geographic Information System software (ArcGIS, ESRI Pty Ltd, Italy) and Quantum GIS 

(QGIS, Open Source Geospatial Foundation) were used to map cassava production, including 

global distribution. The geospatial analysis used in GIS-mapping enables the characterization of 

maps giving information on a specific commodity using historical data for analysis (Gregory & 

Healey, 2007). The analysis focused on the highest cassava producers, namely Africa, Asia and 

South America. Thus, cassava-growing countries were shaded using a key marker, whereby a 

single key marker was equivalent to an estimated 72 x 10-5 ppq (Africa), 36 x 10-5 ppq (Asia) and 

41 x 10-5 ppq (South America). The countries that do not have records of producing cassava were 

left blank (Figures 4.2,3,4). Overall, most cassava-producing countries are inland, with the highest 

cassava producers being within the inter-tropical convergence zone (ITCZ), where it is relatively 

hot and rainy throughout the year (Chiang et al., 2000; Garibaldi, 2012). 

 

3.1.3 Reliability of Food and Agriculture Organisation (FAO) data 

 The Food and Agriculture Organisation (FAO) data raise concerns. Firstly, the coverage 

is limited to FAO member countries, with many developing countries having remotely accessible 

areas due to poor infrastructure. This affects the recording of cassava production. Secondly, the 

collection and recording of data in many developing countries are not adequate; data collection 

is often done manually prior to being characterised at the nearest data-logging site. In the case 

of missing data, statistical methods can be used to correct errors (Karp et al., 2007; Zuur et al., 

2010). Statisticians often determine (by estimation) the national, regional, continental and world 

aggregates to compile secondary derived statistics by using supply and actual usage accounts 

from the database to ascertain the consistency of particular data sets (Karp et al., 2007). 

Thus, statistical methods such as average yield or average production, estimation of mean values, 

and so forth, had to be used to correct errors.  
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3.1.4 Model development and HCN projection load into the environment 

 Global cassava production data were obtained from the Food and Agriculture 

Organisation’s statistical database. Approximately a decade (for example, 2002 to 2013) was 

considered for the projection (2014 to 2024) of corresponding HCN load (ppq) into the 

environment using a linear projection (Eq. 3.1) with correlation coefficients (R2) being Africa – 

0.93, Asia – 0.84 and South America – 0.92: 

 

 Px = Pb + kt           3.1 

 

whereby  k = (Pb-Pref) (tb-tref)⁄         3.2 

 

where 𝑃𝑥 (ppq) is the projected HCN load at time t (yr), k (ppq/yr). The projected incremental rate 

of HCN load, 𝑃𝑏 (ppq) is the estimated HCN load projection where 𝑡𝑏, 𝑃𝑟𝑒𝑓 (ppq) is the start of the 

projection, 𝑡𝑏 is the estimated time of the projection and 𝑡𝑟𝑒𝑓 is the reference (initial) year. 

 

3.1.5 Statistical analysis of FAO data 

 A statistical analysis of FAO data (2002 to 2013) (FAOSTAT, 2014) and the estimated 

projection trend up to 2024 was done using MS Excel® v2010. For modelling the HCN load into 

the environment, 250 HCN per mass (kg) was used as per FAO data (see Table 3.1). For the data 

presentation, 1 quadrillion was represented as HCN concentration divided by 1015. The mean 

absolute deviation (MAD) between the model and the actual data set was calculated (Eq. 3.3). 

 

MAD=
∑ |errors|

n
           3.3 
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where Ʃ |errors| is the sum of the absolute values of errors between the projection and actual 

HCN environmental loading values (ppq), while n is the number of periods (yr) under 

consideration. 
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Table 3-1: HCN content in cassava 

Type: Non GMO Non-bitter Bitter Very bitter References 

Tubers & Leaves ˂100 mg HCN/kg FW* 100–450 mg HCN/kg FW* 

 

10–500 mg HCN/kg DW* 

 

6–250 mg HCN /kg FW* 

 

420 mg HCN/kg FW* 

 

 

200–1,300 mg HCN/kg DW* 

˃450 mg HCN/kg FW* 

(Sundaresan et al., 1987; 
(Nambisan & Sundaresan, 
1994) 

(Siritunga & Sayre, 2003) 

 

(Piero et al., 2015) 

 

 (Sundaresan et al., 1987) 

 

 

(Montagnac et al., 2009) 

 

Type: GMO Non-bitter 

(Siritunga & Sayre, 2004) 

Tubers & Leaves 10 ˂ 50 mg HCN/kg FW* 

 

6 ˂ 50 mg HCN/kg FW* 

(Nambisan, 2011) 

 

(Piero et al., 2015) 

HCN estimated at an average of 250 mg HCN per kg dry weight cassava tubers (DWCT) in mature plants 

*DW: Dry weight, *FW: Fresh weight  
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3.1.6 Cassava plant health studies 

 The overall plant health of cassava under greenhouse conditions, characterised by PAR 

and chlorophyll content measurements, was assessed. These two processes are important for 

plant growth assessment under normal and controlled environments to assess and quantify 

developmental functions such as leaf lifespan, nitrogen content, hydraulic conduction, chlorophyll 

fluorescence and reflectance (Bornman & Teramura, 1993). Although chlorophyll and PAR 

fluorescence wavelength range is between 400 and 700 µmol/m2s (Pavlovic et al., 2015), a 

healthy plant in a controlled environment has a relative photosynthesis efficiency range of 

between 380 and 780 µmol/m2s (Pavlovic et al., 2015), while its chlorophyll content can range 

from between 15 and 200 µmol/m2 (Gitelson & Merzlyak, 1997; Merzlyak et al., 1997; Barker & 

Pilbeam, 2015). Plant leaves contain pigments (chlorophyll) that react with photochemical energy 

(photons) during the photosynthesis process. During the process, CO2, water molecules and 

photons are used to produce the plant’s energy sources (for example, glucose) while the 

hydrogen atom is removed and replaced by oxygen which is released into the air (Barker & 

Pilbeam, 2015).  

The physical characteristics of the cassava plants used for analysis were: Plant 1: 63.5 

cm long; the two branches were 53 cm, 44 cm and 37 cm long; the length of the leaves on each 

branch was approximately 31 cm. Another plant, Plant 2, was 1.05 cm long with minimal sprouting 

of branches. The leaves were 43 cm, 38 cm and 30 cm long. 

 Prior to cultivation in black bags, cassava cuttings of 15cm were placed into rectangular 

plastic trays for 6-10 days, depending on the plants’ growth, then transferred into 4 kg black 

plastics bags with soil and placed on top of a warm bed to allow for growth for 2-3 months. The 

plants were water sprinkled for 2-3 min periodically, with the temperature in the greenhouse 

ranging from 19-25 °C. At five months, plants were transferred into 10 kg bags for rooting 

development and further growth. See Figure 3-1. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-1: Cassava plant growth stages. (a) cassava cuttings in plastic trays; (b) cassava 
plants in small (4kg) plastic bags; (c)/(d) cassava plants in small (10kg) plastic bags 

 

3.1.7 Determination of plant’s chlorophyll content and photosynthetically active 
radiation (PAR) 

 A Chlorophyll Content Meter (CCM, Model-200 plus, ADC BioScientific Ltd, England) and 

a Photosynthetically Active Radiation (PAR) meter (AccuPAR PAR/LAI Ceptometer, Model LP-

80, Decagon Devices Inc., USA) were used to assess the chlorophyll content and PAR from 

cassava leaves according to the manufacturers’ instructions. During measurements, three 

readings from three different leaves of each plant were taken. Each leaf reading was averaged 

and the readings were repeated thrice. Finally, a standard deviation for each reading was 

calculated (Eq. 3.4):  

 

Standard  Deviation = 
∑ |(𝑥−𝑥 ̅)|

𝑛
          3.4 
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where x – measure value (µmol/m2s), 𝑥 ̅– average of the reading (µmol/m2s), n – number of times 

the measurements were taken. 

 

The PAR actual signal was obtained using the following (Eq. 3.5): 

 

Sact = Sobs + Sdev          3.5 

 

where Sact - is the Actual signal, Sobs - Observed signal and Sdev - Signal deviation. 

 

3.1.8 Determination of gases (HCN, NH3, NO2) volatilised from cassava plants 

 A gas analyser device was constructed (see Figure 3-2), using rectangular plastic 

containers (ADDIS® clear storage) of 56 L each. The containers were sealed using silicon glue. 

ATI Gas analysers (Wire Gas Transmitters, Models: B12-22-1-0200-1, range: 0–200 mg HCN/L; 

B12-15-1-2000-1, range: 0–500 mg NH3/L; B12-26-1-0200-1, range: 0–200 mg NO2/L) were 

placed on the inside of the constructed device at about 80 cm height, and an air pump (Resun® 

AC-9906) was placed at the bottom of the gas analyser device. A paperless recorder – Fiji Model 

PHF61B11-E1OYV-F (N & Z Instrumentation & Control Pty Ltd, South Africa) was used to 

determine the quantity of HCN, NH3 and NO2 volatilised from the healthy cassava plants. Gas 

analysis was recorded at 24-hr intervals.  
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Figure 3-2: Gas analyser device constructed for measurement of gases released from healthy cassava plants. (a) Ammonia, 
(b) HCN and (c) NO2 meter
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GT: Gas Transmitter 
P-1: Air Pump 1 
Ps : Power supply 
PC: Computer 
Fpr: Fiji paperless recorder 
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3.2  Isolation, characterisation and identification of a cyanide-resistant organism 

from cassava (Manihot esculenta Crantz) and cassava-cultivated soil 

3.2.1 Analytical methods: Microbial isolation, characterisation and identification 

3.2.1.1 Cassava sampling and isolation of cyanide-resistant organisms 

 Cassava tubers were collected from Mbizana local municipality (31.5667° S, 29.4000° E), 

Eastern Cape Province, South Africa. Tubers were washed in sterile, distilled water, air dried and 

wrapped in tin foil and refrigerated at 4 °C before use. The organisms harvested from rotting 

cassava (see Appendix 1), were placed in Potato Dextrose Agar (PDA) while the silt, which was 

attached to the cassava, was added to PDA plates and stored at an ambient temperature for at 

least 7 days. The isolates (bacteria and fungi) were sub-cultured several times to obtain pure 

colonies (cultures). Colonies were then sub-cultured into nutrient broth containing KCN 

(4mg/40mL) as a source of free cyanide. Samples were placed in an orbital (incubator) shaker 

(LABWIT- ZWY-240, Shangai Zhicheng Analytical, Shanghai-China) at 30 °C and 130 rpm for 

120 hrs. Subsequently, cyanide-resistant isolates were then re-cultured on PDA for 168 hrs at an 

ambient temperature. The organism isolated with cyanide resistance was found to be a fungus 

after identification of numerous isolates which had previously been found to be cyanide-resistant 

and mycotoxin producers. The primary aim was to isolate an organism which met the following 

criteria: a) previously unreported free cyanide resistance and b) a potential mycotoxin producer, 

with the potential of being a pathogenic organism to humans. 

 

3.2.1.2 Microscopic characterisation of the isolate 

 Identification was done on the basis of microbial morphological characteristics. 

Macroscopic features, such as colour, texture, sporangiophore development and their 

arrangement, were used during the characterisation process (Bignell, 2010; Machida & Gomi, 

2010). Initial observation and identification were done with the addition of lactophenol cotton blue 

staining reagent onto a glass slide, to which the fungal sample was mobilised and observed 

microscopically using an Olympus CX21 microscope (model CX21FS1, Olympus Corporation, 

Tokyo- Japan) at X 100. 
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3.2.1.3 DNA extraction and sequencing 

 Fungal DNA extraction was done using the PowerBiofilm DNA isolation kit (MO BIO 

Laboratories Inc., CA, USA) since the cyanide-resistant organisms were preliminarily found to be 

fungi. BF1 and BF4 solutions were heated at 55 °C for 510 min prior to use. A mass (0.05-0.20 

g) of mycelium was placed into a clean 2 mL Eppendorf tube and centrifuge at 13,000 x g for 1 

min. The excess liquid was removed using a micropipette. The mycelium was re-suspended in 

350 µL of the BF1 solution and transferred to the PowerBiofilm bead tube. A volume of 100 µL of 

Solution BF2 was added and vortexed subsequent to incubating the PowerBiofilm bead tube at 

65 °C for 5 min using a hot water bath (MERCK hotwater boiler). 

 Thereafter, the PowerBiofilm bead tube was further vortexed for 10 min followed by 

centrifugation at 13,000 x g for 1 min at ambient temperature and the supernatant was transferred 

into a clean 2 mL Eppendorf tube. A volume of 100 µL, of Solution BF3 was added, vortexed and 

refrigerated at (4 °C) for 5 min, subsequent to centrifugation at 13,000 x g for 1 min at an ambient 

temperature. The supernatant was transferred into a clean 2 mL Eppendorf tube. Solution BF4 

(900 µL) was added followed by vortexing; with 650 µL of the supernatant being transferred into 

a spin filter tube and centrifuged at 13,000 x g for 1 min. The eluent was discarded. This was 

repeated until all the supernatant was sufficient to be transferred into another Eppendorf tube (2 

mL). A volume, 650 µL, of Solution BF5 was added subsequent to centrifugation at 13,000 x g for 

1 min at an ambient temperature. The eluent was discarded and 650 µL of Solution BF6 was 

added subsequent to centrifuging at 13,000 x g for 1 min at an ambient temperature. The eluent 

was discarded subsequent to centrifugation again at 13,000 x g for 2 min to remove the residual 

wash.  

 To the filter tube, 100 µL of Solution BF7 was added, then centrifuged at 13,000 x g for 1 

min, followed by discarding the filter tube. The remaining DNA solutions in the tubes for cassava 

tuber isolates were labelled A and B, while the isolates from silt obtained from the cassava tubers 

were labelled C and D. These samples were stored at -20 °C for further use.  

 

3.2.1.4 Spectrophotometric DNA concentration quantification 

 DNA concentration for isolates from both the decaying cassava and silt were quantified 

using the Thermo Scientific-Nanodrop 2000/2000C UV-Vis spectrophotometer (Thermo Fisher 
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Scientific-NanoDrop products Wilmington, Delaware, USA). The instrument quantifies the DNA 

concentration in ng/µL calculated from the optical density at 260 nm, 230 nm and 280 nm, to 

determine the purity of the isolated DNA on the basis of ratios (ODs): (260/230 and 260/280) 

(DeLong et al., 2009; Abadi et al., 2012)  

 

3.2.1.5 PCR reagents preparation, programme and electrophoresis 
conditions 

 The PCR reagents were prepared as per the manufacturer’s instructions (Inqaba Biotech, 

S.A.). Nuclease-free water was added to each primer, ITS1, ITS2 and ITS4, in volumes of 350, 

360 and 480 µL, respectively, to obtain a final concentration of 100 µM for each. A volume (10 

µL) of each primer was transferred into a new 2 mL Eppendorf tube and 90 µL of nuclease-free 

water was added to make a total volume of 100 µL. A control sample for all the PCR ingredients, 

like master mix, primers (forward and reverse) and nuclease free water, was added except for the 

genomic DNA. Polymerase chain reaction was performed at a total volume of 50 µL and the 

sample volumes were 12.5 µL master mix, 1.5 µL (each) primers (forward and reverse), 2.0 µL 

genomic DNA and 32.5 µL nuclease-free water. The PCR was performed in a PCR machine 

(T100TM) equipped with a thermal cycler (produced by BIORAD laboratories Inc, USA) (see 

Appendix 6) using an EconoTaq plus green 2x master mix using the following programme: the 

instrument cycles started at 95 oC for 5 min, with a 95 oC hold up of two min for DNA’s denaturation 

followed by a thermo cycling and annealing between 72 oC and 54 oC for a 30 sec hold and finally 

a repeat of 40 cycles, of 72 oC with a 10 min hold at 4°C.  

 The agarose gel preparation was done as follows: 10 g of agarose powder was poured 

into an Erlenmeyer flask containing 100 mL of TBE buffer and swirled for mixing, followed by 

heating in a microwave oven for 1015 min (until the solution became clear/transparent). A volume 

(10 µL) of SYBR Green dye was added into the warm agarose solution and gently mixed prior to 

pouring the solution into an Electrophoresis tank to cool down (Liu et al., 2000; Seipp et al., 2010). 

A Fast DNA ladder (New England BioLabs Inc, USA) of mass value 0.5 μg/Lane with an effective 

size range of 50 to 10,002bp was used to assess the DNA, using an electrophoresis gel for 

samples A and B from the decaying cassava tissue and from silt, which are samples C and D. 
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3.2.1.6 DNA sequencing 

 The universal primers, Internal Transcribed Spacers, (ITS1 and ITS4), were used to 

amplify the targeted region of the DNA sequences of all samples (A, B, C and D) (White et al., 

1990). The ITS target region was amplified using the primers with a target sequence (5’ to 3’); 

ITS1: ‘TCCGTAGGTGAACCTGCGG’ and ITS4: ‘TCCTCCGCTTATTGATATG’. PCR products 

were gel-extracted, purified and sequenced in the forward and reverse directions on an ABI 

PRISM™ 3500xl genetic analyser. Sequences were analysed using a CLC Main Workbench v.7, 

followed by a BLAST search provided by NCBI (htt://www.ncbi.nlm.nih.gov), while a Neighbour 

Joining (NJ) phylogenetic tree was constructed using ClustalX2.1. 

 

3.2.1.7 Fermentation sample preparation and chemical analysis 

 Sterile Schott bottles with a 250 mL volume containing nutrient broth/KCN (4mg/40mL) 

(see Appendix 3) and inoculated with (0.2-0.5 mg) fungal mycelia were placed in an orbital 

(incubator) shaker ((LABWIT- ZWY-240, Shangai Zhicheng Analytical, Shanghai-China) ) at 30 

°C and 130 rpm for 240 hrs. Syringes were used to collect mycelia from cassava (A, B) and soil 

(C, D), both samples containing free cyanide subsequent to transferring the samples into 2mL 

sampling tubes. Samples were then centrifuged at 13500 rpm for 5 min. The supernatant collected 

was analysed for free cyanide, ammonium-nitrogen and nitrate-nitrogen using Mercks’ cyanide 

(CN-) (09701), ammonium (NH4
+-N) (00683) and nitrates (NO3-N) (14773) test kits, respectively 

(Mekuto et al., 2013). The concentration levels of free cyanide, ammonium-nitrogen and nitrate-

nitrogen were analysed using Mercks’ cyanide (CN-) (09701), ammonium (NH4
+-N) (00683) and 

nitrates (NO3-N) (14773) test kits and Merck Spectroquant Nova 60 (Merck Chemicals Pty Ltd, 

S.A). According to Lambert et al. (1975), the cyanide test kits’ functionality is based on the reaction 

of chloramine-T and pyridine-barbituric acid with cyanide, while the ammonium one is based on 

Berthelot’s reaction (the combination of phenolic compounds, chlorine and ammonium ions) which 

results in the formation of indophenol dyes (Patton & Crouch, 1977); whereas, the nitrate (NO3-

N) test kit methodology is based on sulphuric acid and a benzoic acid derivative reaction. A 

reaction of nitrite ions with 4-aminobenzenesulfonic acid and 1-aminonaphtalene leads to a 

formation of a reddish pink colour observable at 520 nm wavelength (Kolmert et al., 2000; Rider 

& Mellon, 1946). A Crison Basic 20 pH meter was used to measure the pH.  

http://www.ncbi.nlm.nih.gov/
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3.3 Screening of the cyanide-resistant isolate pathogenic activity on the 

microbial communities in cassava-cultivated soil 

3.3.1  Analytical methods: pathogenic activity assessment 

3.3.1.1 Soil sample preparation 

 A small quantity of cassava-cultivated soil, which is soil in which cassava has been 

cultivated, was poured into a clean 250 mL sterile Schott bottle containing deionised distilled water 

for dilution (103 dilutions). Clean 250 mL sterile Schott bottles (n = 2), containing nutrient agar 

(NA), were used to dilute cyclohexamine (1.75mL/250mL), while ampicillin (500µL/250mL) was 

diluted into a potato dextrose agar (PDA) after autoclaving the contents, namely NA and PDA, at 

121 °C for 15 min and cooled to an ambient temperature. To the still-warm contents, and prior to 

solidification, cyclohexamine and ampicillin were added prior to pour plating into sterile petri 

dishes. The slurry sample (103 dilution) was spread onto the petri dishes containing 

cyclohexamine and ampicillin, using a sterile glass loop for bacterial and fungal growth, 

respectively. This was followed by incubation of the petri dishes at 37 °C using an incubator 

(KIMIX-PROLAB instruments, Switzerland) for 72 hrs in order to facilitate soil microbial community 

growth. 

 

3.3.1.2 Microbial isolation and identification from cassava-cultivated soil 

 After 72 hrs, microorganisms were sub-cultured numerous times to obtain pure colonies. 

Pure colonies of bacteria and fungi were then identified and characterised on the basis of their 

morphological characteristics and structure; that is, their shape and colour (gram positive or gram 

negative) when observed under a microscope (Olympus CX21 -model CX21FS1, Olympus corp., 

Tokyo, Japan) at X100 magnification using a staining method. For fungal identification, 

lactophenol cotton blue staining reagent was used, using a glass slide. Furthermore, biochemical 

identification for both bacterial and fungal communities was done using a VITEK 2 system v07.01 

(BioMérieux Inc., France) at the CPUT AgriFood Technology Stations’ laboratory. The VITEK 2 

systems have an automated system for accurate microbial phenotype identification using 

biochemical tests with colorimetric reagent cards (Pincus, 2006) for specific identification of 

multiple microorganisms such as bacteria, fungi and yeast.  
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 The VITEK 2 preparation procedure was as follows: VITEK 2 GP cards were stored at 2 - 

8 oC prior to experiments. All other reagents were stored at an ambient temperature prior to their 

use. A volume (3.0 mL) of sterile saline solution (0.45-0.5% of NaCl, with pH: 4.5-7.0) was 

aseptically transferred into a corresponding clean (12x75 mm) polystyrene test tube. All agar 

plates with individual isolates were marked with the specimen number, followed by incubation of 

pure colonies at 35-37 oC for 18-24 hrs. A sufficient quantity of 18-24hrs old pure colonies were 

transferred into individual saline tubes in order to reach a density equivalent to McFarland 

standard of 0.50-0.63 which was assessed using a VITEK 2 DensiChekTM, with test tubes 

containing individual cultures being inserted into the instrument, within 30 min post preparation. 

Furthermore, the VITEK GP cards were also placed in the instrument according to the user 

manual instructions (Pincus, 2006). 

 

3.3.1.3 Screening pathogenic activity of the isolate of interest on cassava soil 
microbial communities 

 A mass (0.2-0.5 mg) of fungal mycelia (isolate of interest) was placed at the centre of fresh 

PDA petri dishes containing a diverse microbial community of cassava soil and labelled 

accordingly. The plates were incubated at 37 °C in an incubator (KIMIX-PROLAB Instruments, 

Switzerland) for 168 hrs depending on the microbial growth in order to assess pathogenicity 

and/or pathogenic activity of the isolates (See Figure 3-3) based on visual clearing zones on the 

bacterial/fungal community in the petri dishes, using the cyanide-resistant organism as the 

antagonistic microorganism. 

 

(i) (ii) (iii) 

Figure 3-3: An example of the assessment of C. bertholletiae pathogenic activity on cassava-
cultivated soil microbial (Oligella ureolytica after (i) 24hrs,(ii) 48hrs and Acinetobacter sp. after 
(iii) 24hrs. 
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3.3.1.4 Fungal isolation, identification and characterisation 

 Cunnighamella bertholletiae was isolated using a culture-based technique from 

decomposing cassava and cultivated in Potato Dextrose Agar (PDA) petri dishes (Merck, 

Germany) for 168 hrs at an ambient (25 oC) temperature. Subsequent to sub-culturing, in order 

to attain pure cultures of C. bertholletiae, mycelium were aseptically transferred into a 40 mL 

Nutrient Broth media (Merck, Germany) in 250 mL airtight multiport shake flasks. To simulate 

cyanogenic conditions on cassava tubers, free cyanide concentration (as KCN) at 100 mg CN-/L 

was used while the cultures were incubated for 120 hrs at 30 oC, followed by spread-plating onto 

PDA plates for a further 168 hrs at an ambient temperature. This was done to further confirm the 

isolates’ resistance and/or tolerance to free cyanide. 

 A loop full of mycelia from PDA plates were then re-inoculated into Nutrient Broth for 24 

hrs for subsequent DNA extraction and sequencing procedures which were conducted as 

described elsewhere (Section 3.2.1.1). The generated nucleotide sequence was analysed using 

a CLC main workbench 7 followed by a BLAST (Basic Local Alignment Search Tool) provided by 

NCBI (National Center for Biotechnology Information), with confirmatory identification classifying 

the organism C. bertholletiae, accession no. KT275316. This method is analogous to that in 

Section 3.2.1.). 

3.3.1.5 Mycotoxins/secondary metabolites production, extraction and 
identification 

3.3.1.5.1 Sample fermentation  

 C. bertholletiae was grown on PDA for a period of 168 hrs; thereafter, the agar containing 

mycelia was cut (1x1 cm) from the PDA using a sterile surgical blade. The mycelia was inoculated 

into 30 mL Erlenmeyer flasks containing 25 mL sterile Nutrient Broth (Merck, Germany) (Ismaiel 

& Papenbrock, 2015), followed by incubation in an orbital shaker at 37 oC for a period of 168 hrs. 

The broth (suspension) was filtered using an ethanol (70% v/v) sterile distilled water rinsed No 5 

Whatman filter paper, in order to obtain mycelia free extracts (Manjula et al., 2009). The liquid 

fraction was transferred into centrifuge tubes, followed by centrifugation at 5000 rpm for 10 min 

using a Megafuge 1.0 (Kendrol Laboratory products, Germany). The supernatant was 

subsequently transferred into clean 20 mL sampling tubes while the residual pellets were 

discarded. For the fermentation, both CN- free and CN- containing cultures (KCN 4 mg/40 mL) 

were used. 
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3.3.1.5.2 Rapid extraction and analysis of mycotoxins (secondary metabolites) 
including their biodegradation by-products 

 Mycotoxins extraction was done using a modified liquid-liquid extraction method (Bankole 

& Mabekoje, 2004; Lattanzio et al., 2007). A volume (5 mL) of the extracts was transferred into 

clean tubes containing 5 mL of 100% chloroform (Sigma Aldrich, Germany) and the contents were 

mixed by inversion (3-5 times) subsequent to centrifugation at 5000 rpm for 10 min using a 

Megafuge 1.0 (Kendrol Laboratory products, Germany). The extract chloroform phase was 

transferred into clean polypropylene tubes while the residual Nutrient Broth phase was discarded. 

The solvent extract phase was steadily evaporated using a blow-down technique to dryness at an 

ambient temperature for 24 hrs to minimise mycotoxin evaporation using nitrogen (N2) gas (Afrox, 

South Africa) (Bily et al., 2004). To the dried tubes, 1 mL of 100% methanol was added (Sigma 

Aldrich, Germany). A volume (1 mL) of each of the reconstituted extracts was transferred into 

LC/MS analysis vials using a 1 mL Lyer lock glass syringe, to which a 0.22 µm cellulose syringe 

filter (Promolab Pty Ltd, South Africa) was subsequently attached for further filtration procedure 

for each sample, with an analytical grade methanol rinse being used between each sample being 

processed, using the same syringe. The samples were analysed using a LC/MS-ToF 6230 

(Agilent Technologies, Inc. USA) and using mobile phase parameters as listed in Table 3-2, 

without optimisation (Zide et al., 2017), at an experimental pH of 3. 
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Table 3-2: LC/MS-ToF elution and mobile phase parameters 

Gradient (min) A (H2O)* B (MeOH)Y Flow (mL/min) 

0 85 15 0.4 

30 0 100 0.4 

33 0 100 0.4 

45 85 15 0.4 

50 85 15 0.4 

*: water contained, 0.1% formic acid, pH 3 
Y: Analytical grade methanol 

 

 LC separation, was achieved using a 0.4 mL/min flow rate, with an operational run of 50 

min and operating with a column (symmetry C8, 3.9 x 150mm column, 5µm), including a C8 guard 

column, 3.9 x 20mm, 5µm. The column temperature was 30 oC, while being operated with the 

periodic reconditioning of the column being at 15 min intervals between samples using a capillary 

voltage of 3500 v. The mass spectrum scan (m/z) was between 112 to 996 m/z, with the spectra 

obtained being used for analysis using a mass-hunter software v3.0 (Agilent Technologies, Inc. 

USA) (see Table 3-3). Furthermore, the migration for identified analytes were recorded, with each 

compound m/z (M + H+) values, including migration times, being compared to those published 

elsewhere. 

 The identification of the mycotoxins and other secondary metabolites from C. bertholletiae 

isolate, including toxin biodegradation by-products, was done using finger printing and/or profile 

data (Pereira et al., 2006; Draper et al., 2009; Farag et al., 2012), using a 

mycotoxin/biodegradation by-product database, with the assumption that samples were assumed 

to lose an electron with the H+ proton being hypothetically the lost ion. 
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Table 3-3: ToF LC/MS operational parameters summary 

Operational parameters Description 

1. LC/MS model and supplier HPLC model: HPLC system and ToF/simple 

point data system method with full control 

LC/MS model: 6230  

LC/MS supplier: Agilent Technologies, Inc. USA 

2. LC/MS operational conditions and 

Ionisation mode 

MS Interface Ionisation: Electronspray 

ionisation (ESI) 

High vacuum pressure: 1.16x10-7 Pa (Torr) 

Dry gas temp.: 350 oC 

Nebulising pressure: 15 psig 

Dry gas flow: 8.0 L/min 

Acquisition mode: Positive 

ESI capillary voltage: 3500 kv 

Mass range: 112.9855-966.0007 

ToF flow rate: 3 mL/min 

Sample injection volume: 5µL 

3. Column and guard column 

characteristics, temperature (e.g. 

operational parameters) 

Column: symmetry C8, 3.9 x 150mm column, 

5µm 

Column temperature: 30oC 

Symmetry C8 guard column: 3.9 x 20mm, 5µm 

4. Mobile phase constituents, 

concentrations, gradients, operational 

parameters and flow rate 

 

Mobile phase: Solvent A: Water, Solvent B: 

Methanol (mobile phase constituents were 

analytical grade; Sigma Aldrich, Germany). 

(Refer to table 3-2) 
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3.3.2  Proposed mitigation strategy implementation  

3.3.2.1 Nepenthes mirabilis extracts collection: characterisation, preparation and 

application 

 Nepenthes mirabilis used during this part of the study was donated by Pan’s Carnivores 

Nursery (Tokai, Cape Town). Pitcher juice (herein referred to as extracts) containing prey was 

collected from a N. mirabilis plant into a 50 mL plastic sampling tube which was sealed to be 

airtight subsequent to refrigeration at 4 oC prior to preparation and analysis (see Appendix 9).  

 An assessment of the physicochemical characteristics of the N. mirabilis extracts (juice) 

revealed the following: conductivity: 5.89 S/m, redox potential: 510 mv, specific gravity (SG): 1.02 

and a pH of 2.5. 

 A volume (3 mL) of the N. mirabilis extracts (juice) was transferred into sampling tubes 

(15mL) followed by centrifugation using a Megafuge 1.0 (Kendrol Laboratory products, Germany) 

at 3000 rpm for 15 min (twice) due to its viscosity with the solid residue formed being discarded. 

The centrifuged extracts (juice, supernatant) was transferred into clean tubes. 

 Additionally, as a qualitative method for the analysis, enzymes/biochemical tests, that is, 

the presence of enzymes in the N. mirabilis extracts, the VITEK 2 (GN/GP) preparation procedure 

was used as follows: VITEK 2 cards were stored at 2 – 8 oC prior to the experiments. All other 

reagents were stored at ambient temperature prior to their use. A volume (3.0 mL) of sterile saline 

solution (0.45-0.5% of NaCl, with pH: 4.5- to 7.0) to which the N. mirabilis extracts were added, 

was aseptically transferred into corresponding clean polystyrene test tubes, to attain an optical 

density equivalent to McFarland standard of 0.50-0.63, which was assessed using a VITEK 2 

DensiChekTM, with the tubes being inserted into the instrument within 30 min post preparation. 

Furthermore, the VITEK cards were also placed in the instrument according to the user manual 

instructions (Pincus, 2006). This method was used as a supplementary method to quantitatively 

determine enzyme presence in the extracts. 

 The N. mirabilis extract was added to residual fermentation extracts (see Sections 7.3.2.1 

for sample preparation and 7.3.2.2 for extraction). 
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3.3.2.2  Carboxylesterases activity: specificity and quantification 

 The quantification of carboxylesterases activity was determined by using the method 

adopted with minor modifications from Ljungquist and Augustinsson (1971), Wheelock et al. 

(2001), Gilham and Lehner (2005) and Schomburg et al. (2013). The overall biocatalysis 

properties of the N. mirabilis extract constituents, with a focus on carboxylesterases, are 

described as indicated in Table 7-4. 

 The subsequent subsection reports on the development of a spectrophotometric method 

used for the determination of carboxylesterase activity for the N. mirabilis extracts. This method 

is analogous to the method used by Ljungquist and Augustinsson (1971), Wheelock et al. (2001) 

and Lee et al. (2016). 

 

3.3.2.3 Carboxylesterase activity assay 

 Carboxylesterase assay activity was determined spectrophotometrically at ambient 

temperature using p-nitrophenyl acetate (PNPA) as the substrate (Wheelock et al., 2001, using a 

75% (0.75) dilution while a control sample did contains plant extracts and was undiluted. The 

activity was measured by determining the rate of biocatalysis of PNPA to p-nitrophenol (PNP) 

which was spectrophotometrically monitored at 410 nm. The PNPA exhibits minimal absorbance 

at 410 nm, whereas the PNP absorbs strongly. The extinction coefficient used for PNP was 17000 

M-1.cm-1 (Ljungquist & Augustinsson, 1971). Activity was then expressed in U.L-1, where 1 unit is 

equivalent to 1 mol/min; that is, the rate of conversion for PNPA to PNP. 

 

3.3.2.4 Preparation of stock solutions 

 Sample preparation was done with 300 µL (0.10181 g/L) of PNPA (Sigma Aldrich, 

Germany) solution (dissolved in acetone) in a form of a substrate with 200 µL of 0.1 M Tris-HCL 

buffer at a pH of 7.8; 200 L of sterile distilled water and enzyme solution (extract) of 300 L for 

a total volume of 1000 L. The assay reagents are listed below (Table 3-4).  
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Table 3-4: Carboxylesterase activity assay reagents 

 Blank (L) Sample (L) 

0.1M Tris-HCL buffer 

(pH = 7.8) 

200 200 

0.6mM PNPA in 

acetone 

300 300 

Sterile distilled water 500 200 

Enzyme (extract) 

solution 

- 300 

Total 1000 L 1000 L 

 

3.3.2.5 Spectrophotometer settings: carboxylesterase activity assay 

The JENWAY 6405 UV/Vis spectrophotometer (Agilent Pty, USA) settings used were as follows:  

 Kinetics setting, with 

 UV/Vis light switched on, for a 

 Reading at 410 nm for 2 min at 10 sec. intervals, while the 

 Temperature was 25 °C, using an 

 Extinction coefficient of 17000 M-1.cm-1. 

Eq. 3.6 Illustrates the mathematical expression used to quantify the activity of carboxylesterase. 

 

 
610*60*

tcoefficienextinction

factordilution*
dt

dA

(U/L)activity



















      3.6 
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3.3.2.6 Biodegradation by-products analysis 

 The residual fermentation extracts, the N. mirabilis extracts (300 L), were added to 

assess the biodegradation by-products of the compounds identified to have been produced by C. 

bertholletiae’s isolate, which is cyanide resistant. This was done using 1.5 mL sealed 

polypropylene tubes, at ambient temperature, with tubes being left for 168 hrs, such that 

biodegradation can be ensured. 
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CHAPTER 4 

4. A DECADE’S (2014–2024) PERSPECTIVE ON CASSAVA’S (MANIHOT 
ESCULENTA CRANTZ) CONTRIBUTION TO THE GLOBAL HYDROGEN 

CYANIDE LOAD IN THE ENVIRONMENT 

 

4.1 Introduction 

Cassava (M. esculenta) is a tropical crop used daily in many impoverished communities, 

particularly on the African, Asian and South American continents (Gleadow & Woodrow, 2002; 

Gleadow et al., 2009; Mburu et al., 2012), with a billion tons being produced during 2009 to 2013. 

The continental contribution from Africa (55% for food), Asia (32% for food/biofuel) and South 

America (13% food/biofuel), suggests sub-Saharan Africa is the largest region of cassava 

production globally (Koh, 2007; Silayo et al., 2013; Piero et al., 2015). Cassava contains 

cyanogenic compounds in its leaves, stems and tubers. The glycosides compounds, mainly 

linamarin, produces hydrogen cyanide (HCN) through its enzymatic hydrolysis (Montagnac et al., 

2009; Siritunga & Sayre, 2003) of which the deglycosylation generates acetone cyanodrin which, 

in turn, decomposes into HCN and acetone largely at a pH greater than 5, as well as at a moderate 

temperature (30 °C), a temperature which suits HCN volatilisation (Andersen et al., 2000; 

Siritunga & Sayre, 2003; Montagnac et al., 2009). However, the concentration of cyanogenic 

compounds differs from tubers to leaves, with leaves having a higher cyanogen concentration 

during the early growth stages of the cultivar (Montagnac et al., 2009). With HCN estimated at 

250 mg HCN per Kg dry weight cassava tubers (DWCT) in mature plants (Howeler, 2002; Howeler 

et al., 2001; Piero et al., 2015), suggests an astronomical quantity of HCN; that is, 0.25 parts per 

quadrillion (ppq) was released into the atmosphere between 2009 and 2013 (Liang et al., 2007; 

Magnusson et al., 2012), a consequence of limited use of genetically modified cultivars (Godfray 

et al., 2010; Koehorst-van Putten et al., 2012). Previous studies have revealed that genetically 

modified cultivars produce low cyanogen content (<1%) in comparison with the wild type plants 

(Siritunga & Sayre, 2004). Thus, even if genetically modified cultivars are produced (cultivated), 

0.006-0.01 ppq of HCN will still be produced. 

 Research on genetic manipulation of (genetically modified) cassava gained popularity in 

the mid-1990s ( Wield et al., 2010; Liu et al., 2011; Mabaya et al., 2015). The project aimed to 

reduce cyanogen content in cassava, improve its shelf life post-harvest, provide a cleaner 
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environment, cultivate fast-growing crops which lead to increased productivity and less use of 

fertilizers, and to propagate pest-resistant cassava (Koehorst-van Putten et al., 2012; Taylor et 

al., 2012). However, this initiative experienced challenges and skepticism from a few selected 

sub-Saharan countries with only Nigeria, Kenya, Ethiopia, Ghana and the Democratic Republic 

of Congo piloting the genetically modified cassava project (Takeshima, 2010; Wield et al., 2010; 

Taylor et al., 2012). Environmental activists and non-governmental organisations (NGOs) claimed 

that Genetically Modified Organisms (GMOs) negatively impacts on communities in a manner that 

results in: 1) socio-cultural and economic losses of local cassava production and conservation 

knowledge; 2) high input costs to procure genetically modified cultivars; 3) health and food safety 

concerns as GMO food and products are prone to allergenicity and toxicity; 4) the invasion of 

genetically modified genes which can culminate in a gene flow, thus transfer into a local 

environment, impacting on non-target organisms, resulting in a loss of biodiversity (Siritunga & 

Sayre, 2003; Taylor et al., 2012). These concerns have resulted in a reluctance to adopt the 

agricultural use of GMOs which is further hampered by the lack of a regulatory framework and/or 

strategies associated with the utilisation of GMOs ( Takeshima, 2010; Mabaya et al., 2015). 

 There are several routes/pathways from which cyanides, in general, and hydrogen 

cyanide, in particular, enter into environmental matrices. The HCN from cassava harvesting and 

processing, which in most instances is in a form of contaminated wastewater and volatilised gas, 

can result in bio- and physico-chemical modification of the receiving matrices, such as soil, water 

and air. In addition, metal cyanides, namely, hexacyanoferrate (III), hexacyanoferrate (II), 

ferricyanide (Fe(III)(CN)6
4−) and  other forms of cyanides, such as KCN and NaCN from natural 

or anthropogenic sources, are converted into CN- through complexation, decomposition, 

dissolution, degradation and leaching processes are thus  released into the environment.  

Previous studies on cassava cultivation and cyanogen compounds in the environment revealed 

a relationship between continuous cassava cultivation and a decrease in soil mineral content and 

also in other parameters such as potassium, magnesium, organic carbon (OC), organic matter 

(OM) and bulk density ( Howeler , 1998).  

 Therefore, it is judicious to assess the spatial and temporal distribution of cassava in the 

environment with the related effects of cyanogen compounds and HCN in particular, because 

HCN is a pseudo-halogen which is a contributing factor for ozone-layer degradation which could 

be associated with global warming and consequently climate change (Breton et al., 2013). HCN 

decomposition leads to the production of CN- (cyanide) and NCO- (cyanate), which are additional 
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sources of nitrogen oxides (NyOx), contributors to global warming (Lary, 2005), with nitrous oxide 

in the troposphere being nearly 300 times higher than that of a century ago (Galloway et al., 

2004). Since 2007, Reay et al. (2012) have estimated the global atmospheric N2O concentration 

18% higher than in pre-industrial times with its increase being at a rate of about 0.3% per year 

since 1980 in comparison to the 1.2 petagrams of carbon (Pg C) increase of CO2 per annum 

reported in the same period (Van der Werf et al., 2009). 

 Furthermore, NyOx from HCN can contribute to acidification and eutrophication when it 

and other forms of reactive nitrogen by-products, such as ammonium nitrogen (NH4-N), nitrate 

(NO3
–), nitrite (NO2

–), nitric acid (HNO3), nitrous oxide (N2O) and nitric oxide (NO), enter water 

bodies in a form of a liquefied carrier (Reay et al., 2012). Therefore, it is prudent to assess 

cassava’s contribution to HCN release by the largest cassava producers (2002 to 2013) and the 

projection up to 2024 on the global HCN load in to the environment. Thus, this part of the study 

has focused only on the global spatial and temporal distribution of cassava and its contribution of 

HCN release into the environment, with evidence of HCN, NO2 and NH3 production from healthy 

cassava plants being reported. 

 

4.2 Objectives 

The objectives for this part of the study were: 

 Quantification of the concentration of gases (HCN, NH3, NO2) released from cultivated 

cassava plants in a controlled environment; 

 Determination of the contribution of cassava to global CN- load in the atmosphere, its 

possible long-term impact in the environment using projections-based FAO data, namely, 

linearised models and GIS to map such distribution continentally (focusing on cassava-

producing countries). 

 Thus, the HCN released during the period 2002 to 2013 was estimated to be between 

0.025x10-3 to 6.71 ppq (African), 0.012 x10-3 to 1.01 ppq (Asian) and 0.007x10-3 to 0.920x10-3 ppq 

(South American). Furthermore, a decade’s (2014 to 2024) projection of HCN volatilisation 

displays increases of 60.5% (Africa), 57.7% (Asia) and 50.5% (South America) when compared 

with the current production. Furthermore, gas released during cassava plants’ growth, namely, 
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HCN, NH3, and NO2, was quantified in healthy plants. These results further indicated the release 

of pseudo-halogenic gases into the environment, a contributor to climate change.  

 

4.3 Materials and Methods (summary) 

 Cassava plants were grown in a CPUT greenhouse at the Cape Town Campus while GIS 

and Quantum GIS software were used for the modelling of the global cassava production and a 

decade projection of the total HCN release into the environment. The detailed methodology was 

reported in Chapter 3, Sections 3.1.2 to 3.1.8. 

 

4.4 Results and Discussion 

4.4.1 Cassava production and estimated hydrogen cyanide load into the 
environment 

 The results of the yearly cassava production revealed variation from one region to another: 

Africa (55% for daily consumption), Asia (32% for daily consumption/bioenergy) and South 

America (13% for daily-consumption/bioenergy). See Figure 4-1. This suggests that sub-Saharan 

Africa is the largest region in cassava production globally (Jansson et al., 2009; Jarvis et al., 

2012). The quantity of HCN released per continent from 2002 to 2013 ranged from: 0.025 x 10-3 

to 6706 x 10-3 ppq (African), 0.012 x 10-3 to 1010 x 10-3 ppq (Asian) and 0.007 x 10-3 to 0.920 x 

10-3 ppq (South American).  

Figure 4-1 below illustrates a global hydrogen cyanide load (2002–2013), including a linearised 

projection (2014 – 2024) with an inset of global cassava production for Africa, Asia and South 

America. 
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Figure 4-1: Global hydrogen cyanide load (2002–2013), including a linearised projection (2014 – 
2024). Inset: Global cassava production for Africa, Asia and South America.  

 

 Africa’s production of cassava during approximately ten years of study (2002 to 2013) is 

the highest in the world ( Ojeka et al., 2007; Idowu et al., 2015). This may be owing to rapid 

population growth as well as the population’s daily dependence on this cultivar, which constitutes 

a staple crop. During 2009, the production of cassava for each region was: Africa: 1.21 x 108 tons, 

Asia: 8.1 x 107 tons and South America: 3.1 x 107 tons, while the estimated production of hydrogen 

cyanide released during the period under consideration was estimated at: 31.93 x 10-3, 18.49 x 

10-3 and 8.44 x 10-3 ppq, respectively. See Figures 4-2 to 4-4 (Ojeka et al., 2007). 
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 The mean absolute deviation (MAD) was 10.48, 0.86, 0.05 for African, Asian and South 

American continents respectively, when the projections were compared with computed data. 

 Recently, cassava production has increased for several reasons: Africa (55%, self-

nourishment only), Asia (32%, for self-nourishment and renewable energy or biofuel), South 

America (13%, self-nourishment and renewable energy production) (Lamptey et al., 2008, Msangi 

et al., 2010, Tilman et al., 2009). In most cases the cultivar is used as a staple for the population. 

Manually processed products such as foufou, gari, manioc, and so on, are sold (Ibitoye, 2011). 

Increased industrial activity, with high energy demand in Asia and South America, has resulted in 

production of the cultivar for biofuels (Sundaresan et al., 1987; Tilman et al., 2009; Msangi et al., 

2010; Ibitoye, 2011; Nambisan, 2011). Thus, the trend of cassava production globally has 

increased by 13% to 55% between 2002 and 2013, representing increases of 0.1 x 107 to 0.19 x 

108 tons, with a further projected increase to 23.9 x 10-4 and 23.4 x 10-5 by 2024 (see Figure 4-1). 

The corresponding estimated HCN load in the environment would thus increase by 9.2 x 10-3 to 

47.1 x 10-3 ppq HCN from the smallest to the largest continental  cassava producers, respectively. 

 This indicates the overall increase in HCN load in the environment per continent for the 

next decade (2014 to 2024) to be 60.5 % (Africa), 57.7 % (Asia) and 50.5 % (South America). It 

has previously been found that there is a direct relationship between increased cassava 

production and the concentration of cyanide released into the environment (Sundaresan et al., 

1987; Ibitoye, 2011). These increases in cassava production and thus cyanide and/or cyanogen 

loading into the environment, necessitate the proper management of cassava cultivars, including 

the introduction of GMOs, particularly for Africa, to mitigate the increasing HCN loads which 

eventually result in residual ammonium nitrogen (NH4-N), nitrate (NO3-), nitrite (NO2-), nitric acid 

(HNO3), nitrous oxide (N2O), nitric oxide (NO) and other sources of nitrogen oxides (NyOx). These 

releases contribute to global warming (Galloway et al., 2004; Lary, 2005). 

 Changes in global weather patterns resulted in reduced casava production during the 

warmest years, that is, 2005, 2010 and 2014, with global temperature anomalies of 0.53, 0.67 

and 0.70 °C respectively (Shein, 2006; Hansen et al., 2010; Gatti et al., 2014). This does not 

necessarily correspond with reduced cyanide loading in the environment. This is because higher 

global temperatures and the warmest years resulted in spoillage of crops and reduced the amount 

of agricultural produce, including cassava, reaching the market (Zidenga, 2011; Zidenga et al., 

2012). 
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 Global warming and higher temperatures could result in previously colder parts of the 

world having favourable weather conditions for cassava growth. Thus, in the past, South Africa 

generally, and the Western Cape province in particular, did not have a record of producing 

cassava or even growing cassava plants because of cold weather conditions. Recently, cassava 

plants have been grown in the north-eastern (Allemann & Dugmore, 2004; Allie et al., 2014) and 

south-western regions of the country which were previously known as cold areas, owing to 

changes in weather conditions.1 Thus, favourable growth conditions will lead to an increase in 

cassava production, resulting in an increase in HCN load release into the environment through 

volatilisation (Allemann & Dugmore, 2004; Lary, 2005; Allie et al., 2014).  

 

 

 

 

 

 

 

 

                                                 

1 For example, on Wednesday, 4 March 2015, Cape Town (in the Western Cape) recorded a temperature of 40 °C, 
the highest in 100 years. 



 

  58 

 
Figure 4-2: Africa’s cassava production and estimated hydrogen cyanide concentration  

Legend 

  7.2 x 10-6 ppq HCN 
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Figure 4-3: Asia’s cassava production and estimated hydrogen cyanide concentration  

 

 

Legend 

 3.6 x 10-6 ppq HCN 
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Figure 4-4: South America’s cassava production and estimated hydrogen cyanide concentration  

Legend 

 4.1 x 10-6 ppq HCN 
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4.4.2 Assessment of cassava plant gases (HCN, NH3, NO2) volatilised, chlorophyll 

content and photosynthetically active reaction (PAR) 

 Plant gases (HCN, NH3, NO2) volatilised from healthy cassava plants (1 and 2) which were 

8 to 10 months old with a height range of 55 to 170 cm, showed varying concentrations of gases 

being produced. The gases released from both plants (1 and 2) measured, using 12 hr intervals, 

were 4.7 mg/L (HCN), 10.1 mg/L (NH3), 3.6 mg/L (NO2); 40.7 mg/L (HCN); 67.9 mg/L (NH3); and 

1.9 mg/L (NO2), respectively. The chlorophyll content of the cassava leaves ranged from 26.55 to 

29.5 µmol/m2 for Plants 1 and 2, respectively.  Irradiance PAR on both plants’ leaves showed that 

it ranged from 169.67 to 399.67 µmol/m2s (Table 4-1). The readings indicated that the cassava 

plants were healthy. 

 A comparative analysis of the averaged cassava plant gas analysis revealed 

discrepencies between both plants as well as the two readings of each plant. The initial readings 

for Plant 1 for HCN and NH3 were lower than the second set of readings, while NO2 values were 

nearly identical. In contrast, Plant 2 showed higher values for the first readings for all three gases 

(HCN, NH3, NO2) than for the second readings (Table 4-2). The difference of the values was 

hypopthesised to be caused by: 1) the transformation of volatilised HCN into NH3 and NO2; 2) a 

decrease in or insufficient CO2 in the gas analyser device and insufficient solar radiation for 

photosynthesis; and 3) the length and size of the plants as well as their leaves. 

 Analysis of the chlorophyll content and PAR for each plant showed minimal differences 

between the two plants: chlorophyll readings were 28.75 µmol/m2 with a standard deviation of ± 

2.32 (Plant 1 before being in the gas analyser device) and 29.52 µmol/m2 with a standard 

deviation of ± 0.69 (after 12 hr in the gas analyser device). Additionally, Plant 2 readings revealed 

chlorophyll levels of 26.55 and 29.8 µmol/m2 with a standard deviation of ± 1.45 and ± 1.13 

respectively, which are in the range of 15 to 200 µmol/m2 for healthy plants (Kato & Shimizu, 

1987; Cavender-Bares & Bazzaz, 2004; Krizek, 2004). Both plants’ chlorophyll content, after 12 

hr in the gas analyser device, was nearly identical (Table 4-1). 

 The PAR value of both plants showed a discrepancy, with Plant 1 having a higher PAR 

prior and after gas analysis. The discrepency was attributed to the decrease of the cassava plants’ 

photosynthesis activity, which affected radiant power during measurements in the laboratory, as 

well as to the lack of sufficient solar radiation. 
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Table 4-1: Chlorophyll and photosynthetically active radiation (PAR) readings of cassava plants 

 

Chlorophyll content (µmol/m2) 

Plant 1 Plant 2 

A B A B 

Average 28.75 29.52 26.55 29.8 

Stand. Dev. ± 2.32 ± 0.69 ± 1.45 ± 1.13 

 PAR (µmol/m2s) 

Average 399.67 260 169.67 88 

Stand. Dev. ± 16.8 ± 3.3 ± 26.8 ± 0.7 

* A – plant readings prior to being placed into the gas analyser device and B – plant readings taken 12h after volatilised gas analyses 

 
Table 4-2: Average cassava plant gas readings using gas transmitter devices (mg/L) 

Sampling regime/time Plant 1 Plant 2 Control 

 HCN NH3 NO2 HCN NH3 NO2 HCN NH3 NO2 

T: (16:00, 19:00, 22:00) 4.7 10.1 3.6 40.7 67.9 1.9 0 0 0 

T:  (07:00, 10:00, 13:00) 31.5 53.1 3.1 5.3 7.8 1.1 0 0 0 

T*: Time intervals for the cassava plants’ gas analyses 
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4.5 Summary 

 In recent years, developing countries have increased their cassava (Manihot esculenta) 

production for food security. Cassava contains cyanogen glycosides, mainly as linamarin, which, 

through bio-catalysis, that is, enzyme hydrolysis, results in hydrogen cyanide (HCN). HCN is 

released into the environment through numerous ways with subsequent volatilisation. Thus, the 

HCN released during the period 2002 to 2013 was estimated at between 0.025x10-3 to 6.71 ppq 

(African), 0.012 x 10-3 to 1.01 ppq (Asian) and 0.007 x 10-3 to 0.920 x 10-3 ppq (South American). 

Furthermore, a decade’s (2014 to 2024) projection of HCN volatilisation displays increases of 

60.5% (Africa), 57.7% (Asia) and 50.5% (South America) when compared with the current 

production. Furthermore, gas released during cassava plants’ growth, namely HCN, NH3 and 

NO2, was quantified in healthy plants, indicating that varying concentrations of HCN were released 

even during cultivation. These further indicated the presence of a pseudo-halogenic gas release 

into the environment, a contributor to climate change.  
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ISOLATION OF AN ENDOPHYTIC CYANIDE-RESISTANT FUNGUS 
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CHAPTER 5 

5. ISOLATION OF AN ENDOPHYTIC CYANIDE-RESISTANT FUNGUS 
CUNNINGHAMELLA BERTHOLLETIAE FROM (MANIHOT ESCULENTA 

CRANTZ) AND CASSAVA-CULTIVATED SOIL 

 

5.1 Introduction 

 Manihot esculenta (cassava) is considered a fundamental source of food for many 

impoverished rural communities in Africa and around world ( Soto-Blanco & Górniak, 2010; Piero 

et al., 2015). In recent years, there is a worldwide interest in cassava as a feedstock for bioenergy 

and biogas operations (Jansson et al., 2009) in order to meet energy demands both at community 

and industrial levels in Africa, Asia and South America (Okudoh et al., 2014). However, cassava 

production and storage for energy production and human consumption have been hampered due 

to bacterial and fungal attack. These microorganisms (fungi/bacteria) cause food spoilage and 

such spoilage is characterised by the presence of different types of moulds growing on the tubers, 

some of which can cause adverse effects on the health of humans ( Hocking, 1997; Manjula et 

al., 2009; Adetunji et al., 2014; Ediage et al., 2014). Human health concerns are related to the 

consumption of contaminated tubers, inhalation of fungal microspores which often result in cancer 

of the internal organs, pulmonary diseases, amongst others, even when exposure is by dermal 

contact (Peraica & Domijan, 2001; Breitenbach et al., 2002; Klich, 2009; Petraitis et al., 2013). 

 Amongst this multitude of pathogenic fungi, Cunninghamella sp., an ambiguous and 

opportunistic soil fungus, has the ability to speedily and fatally infect humans (Lilleskov et al., 

2002; Knudsen, 2006; Righi et al., 2008). Although studies have reported fungal infections on 

humans through severe tissue invasion (Knutsen et al., 2012; Pashley et al., 2012; Méheust et 

al., 2014) from crops such as maize and peanuts (Hocking, 1997; Klich, 2009; Ediage et al., 2014; 

Matumba et al., 2014), few studies have reported the presence of this fungus in cassava tubers. 

Thus, this part of the study focused on the isolation and characterisation of C. bertholletiae from 

cassava tubers from South Africa, to assess its ability to be resistant to or degrade cyanide. Thus, 

the fungus can be useful to remediate cyanide-contaminated environments (Lilleskov et al., 2002; 

Knudsen, 2006; Righi et al., 2008). 

 Cassava tubers contain cyanide (cyanogenic compounds) which is hydrolysed into 

hydrogen cyanide that is harmful to human’s  health when consumed in high doses (Mburu et al., 
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2012). Thus, microorganisms (fungi/bacteria) exposed to cyanide eventually become cyanide-

resistant. 

 

5.2 Objectives 

This part of the study focused on the following objectives; 

 Isolate, identify and characterise organisms from decomposing cassava and cassava-

cultivated soil which are free cyanide-tolerant/resistant. These organisms had to withstand 

a free cyanide-tolerance threshold >200 mg/L. As such, a concentration was determined 

to be  maximum to that most organisms could tolerate; 

 Assess the ability of the isolate to biodegrade free cyanide and its by-products, that is 

nitrogenous by-products associated with free cyanide biodegradation and which can leach 

into agricultural soil thus contaminating groundwater sources. 

 

5.3 Materials and Methods (summary) 

 The microorganism, C. bertholletiae, was isolated from cassava and cassava-cultivated 

soil from cultures grown on PDA and NA as indicated in Chapter 3 (Section 3.2). The 

microorganisms were grown at an ambient temperature followed by inoculation by nutrient broth 

containing KCN. The samples were placed into an incubator/shaker at 30 °C and 130 rpm for 120 

hrs. The C. bertholletiae isolate demonstrated cyanide resistance and biodegradation ability. The 

fungus growth, isolation, identification, DNA extraction and characterisation procedures are 

discussed in detail in Chapter 3 (Sections 3.2.1.1 to 3.2.1.7) 

 

5.4 Results and Discussion 

5.4.1 C. bertholletiae isolation/identification, DNA extraction, phylogenetic tree 
construction 

 Cunninghamella sp. was grown from a Zambezi species of cassava (Manihot esculenta) 

collected from Mbizana on the 06 August 2014. The species grew well on PDA at an ambient 
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temperature and were white or grey in colour (at the early growth stage), turning grey after at least 

8-10 days of growth and developing woolly mycelia with sporangiophores. A microscopic 

observation showed elongated mycelia sporangiophores with irregular, sometimes vertical, 

branches terminated by vesicles with a balloon shape (Álvarez et al., 2011; Guo et al., 2015). The 

fungus had synchronous sporangioles and was found to grow at a temperature of at least 30 °C. 

 Samples A, B, C, D sequences revealed that the isolates were identical fungi 

(Cunninghamella bertholletiae) from all samples. The fungi identified from the cassava and silt 

attached to the cassava showed a 90% similarity to C. bertholletiae. Therefore, it was decided 

that a phylogenetic Neighbour Joining (NJ) tree analysis of the ITS gene regions of one sample 

(A) was suitably representative of the isolates obtained. Figure 5-1 illustrates extracted DNA 

bands on agarose gel. 

 

 

Figure 5-1: Photographic image of an agarose gel indicating the amplification of the ITS target 
region 

 

5.4.2 Phylogenetic tree analysis 

 The internally transcribed spacers and DNA sequences of the structural ribosomal of 5.8S 

rDNA of the isolate were amplified using the universal primers ITS1 and ITS4 in order to amplify 

the targeted region of 750 bp (White et al., 1990). The amplified sequence was submitted to the 

GenBank (Bankit) where the accession number KT275316 was allocated (Figure 5-2).  
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 A phylogenetic tree was generated using LustalX and Cunninghamella sp. were clustered 

according to groups and their clades. The analysis of a phylogenetic tree showed that the isolate 

was similar to the species of the C. bertholletiae strain (CBS190.84), C. bertholletiae strain 

(ATCC42115) and Polymorpha sp. strain (CBS779.68). This was followed by a C. elegans isolate 

(CFR-C11), C. phaeospora strain (CBS692.68) and C. homothallica strain (IF06736) and then a 

C. echinulate strain (VKAS01), C. clavata strain (CBS 362.95), C. bainieri strain (2A1) and C. 

clavata strain (CBS 100178). The C. blakesleeana strain (3C1A) and M. racemosus 

(zygomycetes) strain constituted the out-group species.  

Figure 5-2 below illustrate a Phylogenetic (NJ) tree of the isolate (Cunninghamella bertholletiae) 

from cassava cultivated in Eastern Cape based on the analysis of combined ITS gene regions. 

 

Figure 5-2: Phylogenetic (NJ) tree based on the analysis of combined ITS gene regions (isolate 
from cassava cultivated in Eastern Cape, South Africa). 
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5.4.3 Fungal degradation of free cyanide, ammonium-nitrogen and nitrogen-
nitrate 

 Fungus isolated from both cassava and cassava-attached silt was able to biodegrade free 

cyanide, ammonium-nitrogen and nitrogen-nitrate within 5 days of analysis. Thus, from up to 

97.75% of the initial (4 mg/40 mg/L) KCN concentration was biodegraded with nearly 42.5% 

(isolates from silt) and 37.5% (isolates from cassava) being converted into NH4
+-N and finally 

NO3-N at 77.5% and 72.5% by silt and cassava-isolated fungi, respectively.  

Figure 5-4 below illustrates a fungal biodegradation of CN-, HH4
+-N and NO3-N. 

 

 

 

Figure 5-3: Fungal biodegradation of CN-, HH4
+-N and NO3-N 

 

 Generally, Cunninghamella sp. is often identified through morphological characteristics, 

microscopic features such as colour, texture and margins, as well as the development of sexual 

and asexual zygosporic and sporangial levels including processes contributing to their formation 

and, finally, growth temperature. Additionally, the ITS rDNA sequence analysis of the isolates are 

also used during the identification and characterisation of the fungal species (Lategan et al., 

2012). A study on the amplification of the ITS region and morphological characteristics of 

Cunninghamella sp. revealed twelve species and three varieties (Su et al., 1999; Zheng & Chen, 
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2001), while amplification of ITS regions of several species found a relationships within 

Cunninghamella sp. based on sequence analysis of rDNA through a consensus tree using 

neighbour-joining algorithm. Thus, varieties of C. polymorpha strains (CBS779.68) and C. elegans 

isolate (CFR-C11) resemble C. bertholetiae which demonstrates their closeness to the isolate 

found on cassava tubers and silt, while C. blakesleeana strain 3C1A and M. racemosus 

(Zygomycetes) are different from the C. bertholletiae isolate obtained.  

 Additionally, the C. bertholletiae sp. has shown the ability not only to being cyanide 

resistant, but also degrades the compound successfully. Thus, the fungus can be used for the 

reduction of free cyanide and cyanogenic compounds produced during the processing of the 

cultivar in order to mitigate HCN toxicity effects on humans, other organisms and the environment. 

 

5.5 Summary 

 A fungus, C. bertholletiae, was successfully isolated, identified and characterised from 

cassava and cassava-cultivated soil silt from Mbizana, in the Eastern Cape province of South 

Africa. The isolate demonstrated the ability to grow at a temperature of at least 30 °C and is able 

to biodegrade free cyanide and convert it into NH4+-N and NO3-N and, hypothetically, to N2 gas. 

Thus, it can be used for cyanide biodegradation (reduction) in cyanide-polluted soil and the 

environment.  
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CHAPTER 6 

6. SCREENING OF FUNGAL (CUNNINGHAMELLA BERTHOLLETIAE) 
PATHOGENIC ACTIVITY ON MICROBIAL COMMUNITIES IN CASSAVA- 

(MANIHOT ESCULENTA CRANTZ) CULTIVATED SOIL 

 

6.1 Introduction 

 Cassava (Manihot esculenta Crantz) is a crop from a family of Ephorbiaceae which 

constitutes a main staple food for many communities worldwide. Thus, countries from the African, 

Asian and Latin American continents massively produce this cultivar for self-consumption and 

poverty alleviation ( Nambisan, 1994; Jarvis et al., 2012) as well as for the industrial production 

of biofuel and biogas ( Tilman et al., 2009; Okudoh et al., 2014). However, the crop contains 

cyanogenic glycosides compounds which enzymatic hydrolysis transforms into free cyanide 

during the plant’s growth, through damage or from external attack (Siritunga & Sayre, 2004; 

Montagnac et al., 2009). The CN- produced from the plant reaches the soil where it is accumulated 

and impacts negatively on the soil’s microbial diversity.  

 Microorganisms (microbial and fungal communities) have played an important role in the 

environment and the sustainability of life on earth for millions of years. Bacteria may be aerobic 

or anaerobic, while some are photosynthetically active and play a role as producers of nutrients 

for other organisms in the food chain. Fungi are abundant in terrestrial ecosystems and thereby 

often play the role of decomposers of organic and inorganic material (Knudsen, 2006), which, in 

turn, are transformed into nutrients for plants’ and animals’ growth habitat support or its 

components, increasing the fertility of the soil. These materials or organic matter are thereby 

transformed into a growth support system for the ecosystem as the decomposed material, now 

known as humus or compost, contains essential nutrients for growth. Therefore, bacterial and 

fungal communities within soil influence the good functioning of arable land in general, as well as 

the terrestrial ecosystem in particular, contributing to suitable conditions for the cultivation of 

agricultural produce, thus leading to arable land productivity in the process.  

 The presence of microbial and fungal communities within a particular terrestrial 

ecosystem, however, can be problematic due to the fact that certain fungi have a more rapid 
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growth in a particular environment and consume a larger quantity of substrates than other 

microorganisms (Scherm et al., 2003; Chanchaichaovivat et al., 2007). Rapid fungal growth can 

be competitive, inhibiting and pathogenic to some bacterial species (Liu et al., 2013; Mousa & 

Raizada, 2013; Mehlomakulu et al., 2014). These pathogenic microorganisms often produce 

metabolic extracellular products such as antimicrobial substances (proteins/toxins), which 

suppress other microorganisms (like bacterial/yeast) growth. The presence of pathogenic fungi, 

such as Cunninghamella sp., can contribute to an imbalance between the two microbial 

communities within cassava-cultivated soils. 

 This part of the research focused on screening fungal (C. bertholletiae) pathogenic activity 

on some microbial communities in cassava-cultivated soil. Soil microbial population was isolated 

by platting onto PDA growth media followed by biochemical testing, morphological and structural 

identification in conjunction with blue staining of isolates, in order to assess the pathogenic activity 

of the C. bertholletiae isolated in Chapter 5, with the clearing zones being used as a positive result 

of the antagonistic effects of the C. bertholletiae used. 

 

6.2 Objectives 

The objectives of this part of the study were to: 

 Isolate, identify and characterise a few culturable common (n = 12) soil organisms in 

cassava-cultivated soil; 

 Screen the isolate (identified in Phase 2: Aim 2) for pathogenic activity against a few (n = 

12, from bullet 1 above) soil microorganisms (bacteria and fungi) from cassava-cultivated 

soil. 

 

6.3 Material and Methods (summary) 

 Cunninghamella bertholletiae is found in soil and is sometimes endophytic to plants. The 

fungus was successfully isolated as discussed in Chapter 3 (Sections 3.3.1.1 to 3.3.1.3). Isolates 

from a cassava-cultivated soil were grown on a nutrient agar containing cyclohexamide (1.75 
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mL/250 mL) and PDA with ampicillin (500 µL/250 mL) while the plates were incubated at 37 °C 

for bacterial and fungal growth. 

 All procedures for the isolation and assessment of a fungal C. bertholletiae pathogenic 

activity on microcosms of fungi and bacterial communities from cassava-cultivated soil, as 

highlighted in Section 3.3, with isolates (n = 12) identified using a VITEK 2 system, were 

conducted on the soil used for this part of the research.  

 

6.4 Results and Discussion 

6.4.1 Biochemical identification of microorganisms from cassava-cultivated soil 
using the VITEK 2 Systems (v07.01) 

 Identification cards were used for the identification of all bacterial species while yeast- 

identification cards were used for yeast/fungal identification. Results showed excellent 

identification with a 95-99% probability for all bacteria and an 86% acceptable probability for 

yeast/fungi. The biochemical identification (Biochem ID) system revealed that all microorganisms 

(bacteria and yeast) were Gram-negative as confirmed by identification using microscopic 

techniques (see Table 6.1), except for Rhodotorula sp. and Cryptococcus albidus which were 

confirmed to be Gram-positive.  

 

6.4.2  C. bertholletiae pathogenic activity on microbial communities in cultivated 
soil 

 Cunninghamella bertholletiae’s pathogenic activity against bacteria such as Oligella 

ureolytica, Acinetobacter sp., Pseudomonas luteola, Sphingomonas paucimobilis, Myroides sp., 

Achromobacter denitrificans, Achromobacter xylosoxidans, Methylobacterium sp. and 

Stenotrophomonas maltophilia, yeasts such as Candida lipolytica and fungi such as Rhodotorula 

sp. and Cryptococcus albidus, was assessed for a period of 24 to 168 hrs. The results revealed 

that C. bertholletiae was pathogenically active on some bacterial species with a minute 

antagonistic effect against Myroides sp., S. maltophilia, as well as C. lipolytica. The isolate had a 

minimal fungicidal effect against Rhodotorula sp. and Cryptococcus albidus, with growth of these 

species being insignificantly affected by the co-cultured C. bertholletiae. 
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 C. bertholletiae’s pathogenicity against Pseudomonas luteola and Sphingomonas 

paucimobilis was imminent and noticeable at 24 hrs after inoculation. At 48 hrs, the fungus 

showed some growth and antimicrobial activity as bacterial growth decreased. Subsequently, at 

120 hrs, fungal growth started to slow down as bacterial growth in the media used decreased to 

become stagnant, with insignificant growth observed at 168 hrs with bacterial growth being 

depleted (Figures 6-1). Similarly, C. bertholletiae’s growth was observed after 48 hrs with 

significant antimicrobial activity against Acinetobacter sp., which was not noticeable with Oligella 

ureolytica. After 120 hrs, clearing zones were; however, observed for both bacteria, although the 

Acinetobacter sp. was deemed susceptible (or sensitive) to the presence of C. bertholletiae than 

Oligella ureolytica. Significantly, co-cultures, after an incubation period of 168 hrs, demonstrated 

Acinetobacter sp. deactivation (Figure 6-1b), while Oligella ureolytica could still be observed 

(Figure 6.1a) in some agar plates. 

 C. bertholletiae co-culturing also displayed a significant antimicrobial effect on other 

microbial species that were exposed to the fungus, namely the Myroides sp., Achromobacter 

denitrificans, Achromobacter xylosoxidans, Methylobacterium sp., Stenotrophomonas maltophilia 

and Candida lipolytica after 24 hrs of inoculation (Figure 6-1e to 6.1i). After 48 hrs and 120 hrs of 

exposure, respectively, the fungus’s pathogenicity became significantly evident on the 

Stenotrophomonas maltophilia and Candida lipolytica (Appendix 8, Figure 6-1h and 6-1i) when 

co-cultured, which was characteristic of the diminished microbial growth patterns of the respective 

microorganisms which were also observed by their physical destruction (disappearance). 
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Oligella ureolytica 24hrs 
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168hrs 

 
Acinetobacter family 24hrs 
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Sphingomonas paucimobilis 24hrs 
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Figure 6-1: C. bertholletiae pathogenic activity on bacterial community (from 24-168hrs) 

(a) 

(b) 

(c) 
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Figure 6-2 Cont: C. bertholletiae pathogenic activity on bacterial community and yeast (from 24-120hrs) 
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Stenotrophomonas maltophilia 

24hrs 
 

 
48hrs 

  

 
Candida lipolytica 24hrs 

 

 
48hrs 

  

Figure 6-3 Cont: C. bertholletiae pathogenic activity on bacterial community and yeast (from 24-120hrs) 

(h) 

(i) 
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 Achromobacter denitrificans and Achromobacter xylosoxidans displayed different 

characteristics, which resembled or could be regarded as antagonistic/bacterial resistance 

behaviour. This was concluded as a result of fungal growth ceasing and significant changes in 

bacterial colour where a bacteria-fungus interphase occurred (Figure 6-1f). However, both C. 

bertholletiae and Methylobacterium sp. displayed a similar degree of growth which was not 

affected by the presence of either species as compared to the other above-mentioned microbial 

species. Instead, there was some kind of symbiosis (Minerdi et al., 2002; Kobayashi & Crouch, 

2009), a mutual and beneficial cohabitation between a fungus (C. bertholletiae) and the bacteria 

which is characterised by mutual growth of both species (Figure 6-1g) under co-culture conditions 

(Partida-Martinez & Hertweck, 2005; Partida-Martinez et al., 2007; Kobayashi & Crouch, 2009). 

 However, there were a variation in shapes amongst the microorganisms from rods 

(Oligella ureolytica, Candida lipolytica, cocci (Acinetobacter family), rods, chains, some singular, 

(Achromobacte sp.), to rods, small, chains and singular (Methylobacterium sp.) and long rods 

(Rhodotorula sp. and Cryptococcus albidus). 

 From these results, C. bertholletiae pathogenic activity within agricultural soil can have 

negative effects on the soil’s bacterial community as it suppresses bacterial growth of the 

Pseudomonas luteola and Achromobacter denitrificans species (Figure 6-1c and 6-1f). Generally, 

it is known that the absence of some bacteria in soil can negatively affect soil quality and plant 

growth as some endophytic microorganisms contribute to the plant’s biocontrol/bio-protective 

mechanism which prevent plant diseases while facilitating nutrient availability and intake rates 

(De Ingeniis et al., 2009; Kobayashi & Crouch, 2009). Thus, a decrease in microorganism’s 

communities will contribute not only to lowering the soil’s biological characteristics (biomass, 

organic matter formation and content) and physical properties such as soil aggregate formation, 

aeration, compaction, water circulation abilities (Knudsen, 2006; Rillig & Mummey, 2006; Vineela 

et al., 2008), but, as well as increasing the plants’ vulnerability to diseases and external attack, it 

will therefore lead to low crop-production and yield. 

 Previous studies on bacterial/fungal interactions (BFI) have demonstrated that it is 

important for the environment to have such symbiosis in agriculture and in human health 

(Kobayashi & Crouch, 2009). Thus, this interaction can be used as a basis of promoting arable 

soil health, thus its productivity. In agricultural and environmental engineering, BFI are used to 

improve mushroom production including reducing plant and animal diseases (Moran & Baumann, 
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2000; Moran & Wernegreen, 2000; Minerdi et al., 2002). Although the fungus can be suited for 

use as a bio-control agent for plant pathogens in prevention and treatment, it is, however, 

unsuitable on cassava tubers as it can be pathogenic.  
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Table 6-1: VITEK- Soil microorganisms identification 

 

 

Samples 
no. 

Growth 
Media 

Microscopic 
Identification 

Biochemical 
Identification 

   Microscopic 
 Identification Classification 

NA (Nutrient agar)- Cyclohexamine 

1 NA+Cyclo  - - Rods Oligella ureolytica  

2 NA+Cyclo  - - Cocci Acinetobacter sp. 

3 NA+Cyclo  - - Short Rods Myroides sp. 

4 NA+Cyclo  - - rods, chains, some singular Achromobacter denitrificans 

  - - rods, chains, some singular Achromobacter xylosoxidans 

5 NA+Cyclo  - - Rods, small and singular 
Stenotrophomonas 
maltophilia 

6 NA+Cyclo  - - Rods Sphingomonas paucimobilis  

7 NA+Cyclo  - - rods, small chains and singular Methylobacterium sp. 

 8 NA+Cyclo  - - rods and spores Pseudomonas luteola 

  PDA (Potato dextrose agar)-  Ampicillin 

Yeast 9 PDA+Ampi  - - Rods Candida lipolytica 

  PDA+Amp  + long rods Rhodotorula sp. 

Fungi  10 PDA+Amp  + long rods Cryptococcus albidus 

B
a
c
te

ri
a
l 
c
o
m

m
u
n
it
y
 



 

  82 

6.5 Summary 

  Pure colonies of microorganisms isolated from cassava-cultivated soil were identified 

using the VITEK 2 biochemical test including morphological and structural characteristics using 

microscopic techniques for bacteria with lactophenol cotton blue staining method for fungi. Results 

revealed numerous bacterial species namely, Oligella ureolytica, Acinetobacter sp., 

Sphingomonas paucimobilis, Myroides sp., Achromobacter denitrificans, Achromobacter 

xylosoxidans, Stenotrophomonas maltophilia, Sphingomonas paucimobilis, Methylobacterium sp., 

Pseudomonas luteola, yeast Candida lipolytica and fungi such as Cryptococcus albidus, 

Rhodotorula sp. Pathogenic activity on bacterial communities revealed that the C. bertholletiae 

isolate which had previously been found to be cyanide-resistant, is pathogenic against some 

species and thus inhibits and suppresses bacterial growth of O. ureolytica, Acinetobacter sp., P. 

luteola and S. paucimobilis. Furthermore, it was found to be slightly antagonistic against Myroides 

sp. and S. maltophilia, as well as C. lipolytica. However, the fungus demonstrated insignificant 

pathogenicity against C. albidus and Rhodotorula sp. Overall, the results from this part of the study 

indicated that C. bertholletiae was pathogenic against some bacteria and yeast found in cassava-

cultivated soil. 
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RAPID IDENTIFICATION OF CYANIDE-TOLERANT CUNNINGHAMELLA 
BERTHOLLETIAE’S TOXINS FROM DECOMPOSING CASSAVA: MITIGATION 
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CHAPTER 7 

7. RAPID IDENTIFICATION OF CYANIDE-TOLERANT CUNNINGHAMELLA 
BERTHOLLETIAE’S TOXINS FROM DECOMPOSING CASSAVA: 

MITIGATION STATEGY FOR TOXINS REDUCTION USING NEPENTHES 
MIRABILIS EXTRACTS  

 

7.1 Introduction 

 Post-harvest storage for cassava is often shortened due to produce maceration 

caused by bacterial and fungal infestation (Hocking, 1997; Zidenga et al., 2012). Fungal 

species such as Aspergillus sp., Fusarium sp., Penicillium sp. and Cunninghamella sp. 

produce secondary metabolites and toxins that affect the storage longevity and quality of 

agricultural produce such as cassava (Wagacha & Muthomi, 2008; Ellefson et al., 2012; 

Zidenga et al., 2012; Matumba et al., 2014;). These secondary metabolites, that is, 

mycotoxins, which have a negative impact on agricultural products, lead to economic losses 

due to the contamination of produce, which includes inedibility. Generally, toxins are 

biosynthetic compounds produced by numerous microorganisms in a natural or in a controlled 

environment.  

 These microorganisms include the fungus, Cunninghamella bertholletiae, which is 

pathogenic to humans and animals (Rickerts et al., 2000; Zhang et al., 2002), while its toxins 

in the environment and on consumable commodities constitute an environmental hazard and 

a health risk to consumers ( Ueno et al., 1997; Brakhage et al., 1999; Hussein & Brasel, 2001; 

Brakhage, 2013; Selvaraj et al., 2015). Some fungi, including their metabolites, are able to 

colonise several plant parts as they are endophytes, culminating in infestation of agricultural 

products, such as tomatoes, maize, potatoes, beans, peanuts, yams, wheat and cassava 

(Hocking, 1997;  Wagacha & Muthomi, 2008; Amadi & Adeniyi, 2009; Adetunji et al., 2014; 

Delgado et al., 2014; Ediage et al., 2014) and dairy products such as milk, including cheese 

(Wagacha & Muthomi, 2008; Ellefson et al., 2012; Streit et al., 2013; Warth et al., 2014; 

Selvaraj et al., 2015). Humans’ or animals’ consumption of contaminated produce may lead 

to foodborne toxin-related intoxication (Zhang et al., 2002; Matumba et al., 2014), culminating 

in the degeneration of human internal organs including their functionality as well as the 

promotion of diseases such as cancer (Schell et al., 1982; Ueno et al., 1997; Rickerts, 2000; 

Williams et al., 2004; Pestka & Smolinski, 2005; Van De Walle et al., 2010; Ediage et al., 2014)  
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 There are several varieties of mycotoxins and extracellular metabolites such as 

Aflatoxins (AFB1, AFB2, AFG1 and AFG2), Fumonisins (FB1, FB2), Deoxynivalenol (DON), 

and Ochratoxins (A, B and C), amongst others, which are produced by numerous fungal 

species, some of which are deleterious to plants/agricultural produce, humans and animals 

(Hocking, 1997; Munkvold & Desjardins, 1997; Williams et al., 2004; Afsah-Hejri et al., 2013; 

Marroquín-Cardona et al., 2014). However, their production occurs under favourable 

environmental conditions, such as a high temperature, adequate moisture/humidity including 

sufficient availability of nutrients for the producers, the nutrient source of which, in most cases, 

is decaying produce (Kimanya et al., 2008; Van der Fels-Klerx et al., 2012; Srey et al., 2014). 

These concerns have prompted researchers to find cheap, efficient and cost-effective ways to 

reduce or manage mycotoxin-producing organisms, including mycotoxin contamination when 

produced (Brakhage & Schroeckh, 2011; Streit et al., 2013; Selvaraj et al., 2015; Vanhoutte 

et al., 2016) to limit sequential effects including the contamination of produce.  

 In previous studies, it was found that C. bertholletiae, a common soil organism, which 

was isolated from decomposing cassava, was both cyanide-resistant with the ability to 

biodegrade free cyanide while being antagonistic towards other soil organisms (Chapters 5, 6 

and 7). Currently, there is minimal literature available on mycotoxins produced by C. 

bertholletiae. Similarly, there is minimal research on a mitigation strategy which can be 

classified as environmentally benign for toxin reduction with the potential to also reduce free 

cyanide and total nitrogen (from the biodegradation of free cyanide), which is implementable 

(in-situ) in such a way that it is able to also minimise antagonistic effects of the cyanide 

resistant C. bertholletiae on other arable soil microorganisms. 

 Therefore, the aim of this part of the study was to propose and assess a method for 

rapid identification of mycotoxins, thus secondary metabolites from C. bertholletiae isolated; 

furthermore, to quantitatively assess a proposed mitigation strategy using plant extracts (a 

green chemistry approach), from Nepenthes mirabilis, known to contain a variety of enzymes 

(Adlassnig et al., 2011; Lee et al., 2016). Overall, this is for mycotoxin reduction. For such a 

mycotoxin mitigation strategy to be successful, enzymes associated with deamination or 

mechanisms biocatalytically facilitated by esterases for the decoupling of aliphatic chains in 

mycotoxins (Vanhoutte et al., 2016), must be identified using both quantitative and qualitative 

methods to ensure the usability of the N. mirabilis extracts.  
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7.2 Objectives 

The objectives for this part of the study was to: 

 Identify secondary metabolites/mycotoxins produced by the cyanide degrading 

isolate(s), using suitable analytical instruments which can; 1) render the cassava 

tubers inedible, and 2) contaminate arable agricultural as well as groundwater sources; 

 Assess a proposed mitigation method (biological/environmentally benign method) 

which can be applied in-situ for the reduction of these secondary 

metabolites/mycotoxins/toxins in cassava-cultivated soil. This method must also have 

the potential to facilitate CN- reduction, its biodegradation by-products. 

 

7.3 Material and Methods (Summary) 

 Secondary metabolites/mycotoxins produced by the cyanide resistant Cunninghamella 

bertholletiae from decomposing cassava were successfully extracted, analysed and identified 

(Sections 3.3.1.1 to 3.3.1.3). Toxin extraction was done through a fermentation process in 

which fungal mycelia were cultured in a 30 mL Erlenmeyer flask containing nutrient broth, 

followed by incubation in an incubator at 37 oC for 168 hrs. To implement the proposed 

mitigation strategy for mycotoxins reduction in cassava-cultivated soil using N. mirabilis 

extracts (juice) and enzymes, namely carboxylesterase, an activity assay was done while, the 

control samples did not have plant extracts and were undiluted as discussed in Chapter 3 

(Sections 3.3.2.1 to 3.3.2.5). 
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7.4 Results and Discussion 

7.4.1 Results 

7.4.1.1 Mycotoxin identification 

 Mycotoxins produced by the isolated C. bertholletiae’s were assessed via a 

fermentation technique in a nutrient broth medium with the liquid-liquid extraction method 

being done using chloroform, subsequent to a blow-down technique of the extracts and 

reconstitution in absolute methanol. The compounds listed in Table 7-1 were identified based 

on their molecular composition (structural features) and mass to charge ratio (m/z), using a 

LC/MS-ToF. See spectra in Figure 7-1. 

 Compound identification is important due to observed consequential outcomes of the 

infested cassava as by-products of mycotic infestation are hazardous both to humans and 

animals if such agricultural produce is consumed. From the results, both Fumonisin (FB1) and 

Deoxynivalenol (DON) were identified as the prevalent compounds associated with the 

fermentation of the cyanide resistant isolate, C. bertholletiae. FB1 mycosis outcomes in 

animals and humans are liver and esophageal cancer (Stockmann-Juvala & Savolainen, 

2008), destruction of renal and nerve tissues, profound oxidative stress, heart and pulmonary 

diseases and degenerative mutation of cells (Al-Fakih, 2014).  

 FB1 detection on LC/MS ToF was done, based on a method developed by Plattner 

(1995) and Munkvold and Desjardins (1997), a method in which the compound produced a 

moderate signal under a positive acquisition mode.  

 

Table 7-1: C. bertholletiae’s mycotoxins and secondary metabolites were identified using 
mass to charge ratio LC/MS-ToF 

Compounds Molecular 
formula 

Molar mass (g/mol) 
[ion form M + H+] 

(m/z) 

Fumonisin B1x C34H59NO15 721.83 722.395 a 

Deoxynivalenol (DON) y C15H20O6 297 259 b 
x: detected in CN- cultures, y: detected in free CN- cultures, a :similar to that observed by Sulyok et al., 2015.) 

b: similar to that observed by Sulyok et al., 2015. 

 



 

  88 

For FB1 counts (level), a 4 x 103 count value was observed which was higher than that of 1.9 

x 103 for DON. Similarly, and according to Plattner (1995) and Malone et al. (1998), DON 

detection is easily achieved through HPLC/LC-MS and UV methods. A LC/MS–ToF method, 

as described in Section 3.2.3, was used without modification nor optimisation, to identify the 

biodegradation by-products for each mycotoxin identified. 

 

Table 7-2: Identified biodegradation by-products of mycotoxins/secondary metabolites  

Mycotoxins/secondary 
metabolites 

Biodegradation by-
products identified 

Molar mass (g/mol) 
[ion form M+H+] 

Mass (m/z) to 
charge ratio 

 

Fumonisin B1 

C17H34O 
Heptadecanone x 

254.45 256.270 c 

C18H37NO  
Octadecanamide y 

283.29 285.282 d 

C18H36O  
Octadecenal z 

266.46 267.268 e 

Deoxynivalenol (DON) C15H15NO3 

Tolmetin w 

257.11 258.111 f 

x, y, z : Identified by Vanhouette et al. (2016) and Benedetti et al. (2006) as a biodegradation by-products of 

fumonisin B1 
w, c, d, e, f: Identified by (NIST, 2011) 

 

Two peaks with a retention time of 23.79 min (Peak A, Figure 7-1) and 35.124 min (peak B, 

Figure 7-1), with a molecular formula of C34H59NO15 and C15H20O6, analogous to FB1 and 

DON, respectively. The peaks, A and B, were directly associated with ion m/z of 722.395 and 

259, when the ESI was operated in a positive mode [ion form: M+H+]. From the analysis by. 

using finger printing, including profile data in a mycotoxin database, the compound was 

attentively identified as both FB1 (peak A, Figure 7-1) and DON (peak B, Figure 7-1). A 

combination of the molecular weight, the structure, including m/z ratio, confirmed the 

identification of the compounds namely, to be FB1 and DON. It is paramount to indicate that 

FB1 was detected in a culture in which CN- (as KCN) was supplemented hypothetically, 

indicating that the FB1 production was perhaps influenced by the strenuous conditions to 

which the culture was subjected in comparison to DON. 

http://webbook.nist.gov/cgi/cbook.cgi?ID=C124265&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C26171233&Units=SI&Mask=200


 

  89 

 

A 

 

B 

Figure 7-1: Molecular features and the extracted ion chromatograms (EICs) for secondary metabolites: (a) Fumonisin B1, (b) Deoxynivalenol 
(DON)
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7.4.1.2 Biodegradation by-products identification 

 To the reported residual extracts of the cyanide resistant C. bertholletiae, in which FB1 

and DON were, identified N. mirabilis extracts were added. This was for an assessment for 

which the feasibility of fungal mycotoxins/toxins (FB1 and DON) biodegradation into by-

products could be identified using the LC/MS-ToF method, with Heptadecanone, 

Octadecanamide and Octadecenal being successfully identified from FB1 samples with only 

Tolmetin being identified in DON samples, respectively (Table 7-3).  

 Previous studies revealed that a biodegradation of Fumonisin B1 yielded by-products 

such as Heptadecanone, Octadecanamide and Octadecenal (Benedetti et al., 2006; 

Vanhouette et al., 2016). An intermediate such as Tolmetin can be a by-product of DON 

degradation (Figure 7-2). By using a similar identification strategy to that used to identify FB1 

and DON, it was clear that N. mirabilis had a deleterious effect on both DON and FB1, although 

it had previously been difficult to biodegrade when compared to other mycotoxins (Benedetti 

et al., 2006). From the spectra, the by-product counts indicated Octadecenal (1.1 x 102) > 

Octadecanamide (1 x102) > Heptadecanone (0.9 x 102) with molecular ion peaks at m/z 

[M+H+], 267.268, 285.282 and 256.270, respectively. 

 Furthermore, for DON residual extracts, the by-products observed when subjected to 

the N. mirabilis extracts (juice), were indicative of Tolmetin; that is, with the ESI spectra 

showing a molecular ion peak at m/z in a positive ion mode which was consistent with the 

molecular formula (C15H15NO3). See Figure 7-2. Due to the nature of the in-situ proposed 

mitigation strategy, it is prudent to ascertain whether the applied N. mirabilis extracts (juice) 

comprises biocatalytic agents or enzymes known to facilitate the biodegradation of 

mycotoxins, using both qualitative and quantitative techniques. 

http://webbook.nist.gov/cgi/cbook.cgi?ID=C124265&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C26171233&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C124265&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C26171233&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C124265&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C26171233&Units=SI&Mask=200
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A 
B 

 

C 

 

D 

Figure 7-2: Molecular features and the extracted ion chromatograms (EICs) of mycotoxins/toxins’ biodegradation by-products: (a) 
Heptadecanone, (b) Octadecanamide, (c) Octadecenal and (d) Tolmetin 

 

http://webbook.nist.gov/cgi/cbook.cgi?ID=C124265&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C26171233&Units=SI&Mask=200
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7.4.1.3. Enzyme/biochemical activity assays 

 The extracts’ activity assay had to be successfully done at ambient temperature. Thus, 

the carboxylesterase activity (quantitative) and other biochemical assays (using the VITEK 

system, qualitative) were done. For the N. mirabilis extracts for carboxylesterase, P-

nitrophenyl acetate (PNPA) was used as a substrate at 75% dilution and 410 nm absorbance. 

For biochemical assays, as highlighted in Table 7-3, numerous enzymes were positively 

identified, while the calculation of carboxylesterase activity was found to be 7.8 U.L-1. 

 

Table 7-3: Carboxylesterase activity and qualitatively identified enzymes  

Enzymes Activity/outcome Comment 

Carboxylesterase 7.8 (U/L) see Table 7.4 

β-glucosidase, ++* a-Known to facilitate 

hydrolysis of cyanogenic 

glucosides, like linamarin, 

taxiphylin, and so on  

β-glucuronidase ++* b-Known to facilitate 

hydrolysis of β-glucuronic 

acid residues 

Phosphatidyl inositol 
phospholipase C 

++* c-Breaks down L-arginine, a 

known highly concentrated 

constituent in cassava, into 

ammonium-nitrogen and 

citrulline 

*- also identified by Kanokratana et al. (2016) and Takeuchi et al. (2011) to be prevalent in N. mirabilis extracts 

(juice) 

a- Nartey (1968) and Yeoh (1989) 

b-  Borgen (2002) and Pereira et al. (2005) 

c- Terra and Ferreira (1994) 
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Table 7-4: Overall biocatalysis properties associated with carboxylesterases (Schomburg et al., 
2013) 

Mechanism/Applicability Functionality/specificity 

 

Hydrolysis 

1) Hydrolysis of carboxylic- , esters  or thioester 

functional groups; 

2) Facilitates the biocatalysis of reactions associated 

with enzymes, arylesterase, lysophospholipase, 

acetylesterase, acylglycerol lipase, acylcarnitine 

hydrolase, palmitoyl-CoA hydrolase, amidase and 

aryl acylamidase; 

Biodegradation/Environmental 

applicability 

3) Shown to facilitate the biodegradation of Fumonisin 

and Deoxynivalenol (DON) (this study).  

 

7.5 Discussion 

7.5.1 Mycotoxins identified from the cyanide resistant Cunninghamella sp. 

 It is important to observe that toxins such as Fumonisins, DON, Aflatoxin, Ochratoxins, 

and so on, are produced by several types of microorganism species in environmental and 

biological matrices, while their extraction and identification methods vary in numerous studies ( 

Adebajo et al., 1994; Plattner, 1995; Dutton, 1996; Hocking, 1997; Peraica & Domijan, 2001; 

Hodek et al., 2002; Manjula, et al. 2009; Bhat et al. 2010; Ottesen et al., 2010; Afsah‐Hejri et al., 

2013; Adetunji et al., 2014; Al-Fakih, 2014; Ismaiel & Papenbrock, 2015). Some previous studies 

also revealed that mycotoxins are produced from multiple fungal and/or microbial sources in a 

single matrix or from a single species in numerous matrices. Bily et al. (2004) extracted toxins 

(deoxynivalenol; 15-acetyldeoxynivalenol (15-ADON) produced by Fusarium graminearum from 

several matrices, such as pig serum, insect larvae and maize grain, through the analysis for their 

identification using different optimised chromatographic conditions, with most methods being 

based on the use of an LC/MS.  

 From the sub-Saharan African continent, Ediage et al. (2014) reported that numerous 
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toxin- producing fungi can be found in several common agricultural products consumed by the 

populace like cassava, maize and peanuts, revealing that fungal species such as Aspergillus sp., 

Fusarium sp. and Penicilum sp. are common contaminants of such produce, with further 

classification of the toxins as Aflatoxins B1, B2 G1, Fumonisins B1, B2, B3, DON and Ochratoxins, 

particularly in cassava chips and cassava flakes sold in local markets. 

 For effective contaminant monitoring, leading to quantification, Platter (1995) 

recommended to identify mycotoxins such as DON and fumonisins (FB1, FB2 and FB3) in food 

products, crops and stored grains, the use of High Performance Liquid Chromatography/Mass 

Spectrometry (HPLC/MS) was advocated. The reason for this is that recently, and due to 

technological advancements, Rubert et al. (2013) indicated and identified mycotoxins such as 

DON, Fumonisins, Aflatoxins, Ochratoxins, Zearalenone, Beauvericin, Nivalenol and T-2, HT-2, 

using a Liquid chromatography triple quadrupole mass spectrometer (HPLC-QqQ-MS/MS) device 

which was deemed suitable. The use of such a device can detect traces of mycotoxins, even in 

several beers from European countries, which is indicative of global grain/agricultural produce 

contamination challenges. This is thus not limited to sub-Saharan Africa or other developing 

countries. 

 Some scholars, including Amadi and Adeniyi (2009), identified mycotoxins produced by 

Aspergillus flavus in maize (Zea mays) and rice (Oryza sativa) using Thin Layer Chromatographic 

(TLC) with Aflatoxin B1 and Fumonisin B1 being the primary analytes identified. As such, and due 

to the multitude of methods developed and assessed, a method modified by Bily et al. (2004) for 

toxin extraction from a fermentation broth was adopted and was thus used to produce mycotoxins 

from the cyanide resistant C. bertholletiae, with the extracts being used for LC/MS-ToF analysis 

due to the methods of usability, reproducibility and rapidity, while incurring minimal input/sample- 

processing costs. By using this method, the analysis reported herein successfully identified 

primary mycotoxins, FB1 and DON, and other secondary metabolites, 11-Ketotestosterone 3 and 

Silibinin. The results are available but not discussed and reported in this section. 

 An analysis of the concentration for each identified compound was indicative of 

concentration differences from one compound to another (between the mycotoxins as well as the 

secondary metabolites). Difference in acquisition time is directly related to the compound’s 

structural characteristics, thus mobility through the C8 column used.  

 From both environmental and public health perspectives, the identified mycotoxins can 
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significantly contribute towards the deleterious effects in arable land used for cassava production, 

especially for impoverished communities that cultivate the plant and use its tubers as their staple 

food, and animals that consume fresh and rotten tubers, including waste from processed cassava. 

Previous studies have revealed Deoxynivalenol’s (DON) health hazards due to cumulative or 

continuous exposure to humans and animals. Consumption of a high concentration of DON or 

exposure through contaminated processed and/or non-processed agricultural commodities, can 

result in diarrhea, vomiting, suppression of the digestive system’s cell growth, including 

reproduction, rectal and anal bleeding, with clinical outcomes indicating the inhibition of cells in 

the small intestines to absorb proteins or nutrients (Rotter, 1996; Deshaies, 1999; Sergent et al., 

2006; Van De Walle et al., 2010; Al-Fakih, 2014). Furthermore, disturbances and inhibition of 

blood cells were also reported (Pestka & Smolinski, 2005; Van De Walle et al., 2010) which may 

ultimately lead to death. Some clinical indicators due to continuous consumption, albeit even in 

small doses from contaminated food sources, include psychological and eating disorders, 

culminating in weight loss and stunted growth in humans (Van De Walle et al., 2010).  

 Similarly, FB1 cumulative consumption as a result of contaminated agricultural products 

such as maize, peanuts and others, can lead to cancer in organs such as the esophagus, liver, 

including the swelling of the pharynx and the prevalence of sores in gastric organs and rectal 

bleeding (Chu & Li, 1994; Peraica & Domijan, 2001). Furthermore, dermal exposure to these 

mycotoxins through contact and/or inhalation was also reported to cause skin irritation/rash, 

irritation of respiratory organs, with symptoms being chest pain, and periodic headaches 

(Gelderblom et al., 1992; Chu & Li, 1994; Dutton, 1996; Peraica & Domijan, 2001). 

 

7.5.2 Biodegradation by-products: outcomes of the mitigation strategy  

 Previous studies have demonstrated that the application of an appropriate mitigation 

strategy as a means in which the reduction of mycotoxins in general, including for cassava (M. 

esculenta crantz) soil, and its cultivated soil, biological means are preferable due to their 

environmental benignity. Some have suggested a bio-augmentation strategy, including techniques 

for contaminated soil and matrices, using bacteria such as Sphingomonas sp., Nocardioides sp., 

Devosia mutans, Spseudomonas sp. and Exophiala sp., to name a few (Duvick et al., 1998; 2003; 

Benedetti et al., 2006). For this study, a different approach was assessed, using ready-made plant 

extracts to minimise microbial imbalances which could be profoundly attributed to the introduction 

of alien species. 
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 According to Duvick et al. (2003), the biodegradation of Fumonisin, using Exophiala sp., 

produces by-products such as 2-oxo-12,16-dimethyl-3,5,10,14,15-icosanepentol hemiketal and 

N-acetylated aminopentol backbone (N-acetylAP1). However, a study by Benedetti et al. (2006) 

revealed that Fumonisin biodegradation by a combination of Delftia/Comamonas sp. yields 

compounds such as eicosane (C20H42), isononadecene (C19H38), including heptadecanone 

(C17H34O), octadecenal (C18H34O) and octadecanamide (C18H37NO), some of which were 

identified as being by-products of FB1 biodegradation using N. mirabilis extracts in this study. 

 Additionally, previous studies on a biodegradation of DON by bacteria revealed that the 

mycotoxin was able to be biodegraded into 3-epi-DON, a remedial strategy which can be achieved 

through the action of bacteria such as Nocardioides sp. (Ikunaga et al., 2011; Vanhoutte et al., 

2016), 3-keto-DON,15-acetyl DON, 3-acetyl DON and HT-2 toxin using Devosia mutans and 

Eubacterium sp. through biocatalytic processes such as de-epoxidation/deacylation (Young et al., 

2007; Vanhoutte et al., 2016).  

 Generally, it was established that bacterial abilities to biodegrade toxins such as Fumonisin 

can be achieved through enzymatic biocatalysis (Duvick et al., 2003; Heinl et al., 2009; Vanhoutte, 

2016). Thus, bacteria such as Sphingomonas sp. have been found to have the ability to 

biodegrade mycotoxins such as Fumonisins by enzymatic action facilitated by carboxylesterases 

and aminotransferases, that contribute to the detoxification of the toxins by decoupling molecular 

components of toxins and hydroxyl bonds through the process of deamination, detoxification and 

degradation of amino/fatty acid chains (Duvick et al., 2003; Hartinger et al., 2011; Heinl et al., 

2011; Vanhoutte et al., 2016). 

 From this study, extracts of Nepenthes mirabilis were thus used as a feasible alternative 

for the biodegradation of fungal mycotoxins/toxins (Fumonisin and DON) with assays (n = 2) 

confirming the prevalence of carboxylesterases, β-glucosidase, β-glucoronidase and Phosphatidyl 

inositol phospholipase C, which counts as a larger enzymatic profile than individual microbial 

species, as highlighted in Table 7-3. 

 Currently, this mitigation approach has not been studied nor reported in the literature 

survey undertaken for a period of 5 years (2013 to 2017). It is therefore suggested that plant-

based extracts such as those of Nepenthes mirabilis, pitcher juice, be used for the biodegradation 

of mycotoxins/toxins on agricultural products such cassava and in cassava-cultivated soil.  
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 Furthermore, a few skeptics could express concern about the use of the extracts on 

mycotoxin- contaminated soil because of its low pH (2.5), including availability, which can be 

addressed by using appropriate buffers and suitable plant extracts with similar enzymatic 

characteristics. Overall, the application of a low pH extract in agricultural soil should not be a major 

concern because a soil’s pH can be amended by an application of lime. To corroborate this, a 

study by Bezdicek et al. (2003) revealed that the application of lime on agricultural soil with a low 

pH increases the soil’s pH, improving its respiration capacity, while retaining the soil’s microbial 

community profile at an acceptable level of 100 ugCg. 

 

7.6 Summary 

 This part of the study revealed the production of mycotoxins from a free cyanide-resistant 

and/or tolerant Cunninghamella bertholletiae. Fumonisin B1 and Deoxynivalenol (DON) were 

successfully identified as extracellular metabolites from this isolate. Human intoxication from these 

mycotoxins, directly or indirectly, is through dermal contact, inhalation or consumption of 

contaminated food or agricultural produce which can be hazardous to humans and animals. 

Therefore, control measures for food and animal feed contamination is needed in order to 

decrease the levels of these compounds, focusing on future research to establish preventative 

protocols and/or mitigation strategies that would ensure the eradication of these hazardous 

compounds, using an environmentally benign approach which was assessed using Nepenthes 

mirabilis extracts (juice). The application of the extracts to a liquid matrix culminated in the 

biodegradation of mycotoxins, namely Fumonisin B1 and DON, with the subsequent formation of 

the following biodegradation by-products: Heptadecanone, Octadecanamide, Octadecenal from 

fumonisin B1 and Tolmetin from DON, which are easier to biodegrade by other microbial 

communities in agricultural soil. 

 At this stage, there is a need to find alternative indigenous plants extracts with similar 

characteristics to that of N. mirabilis, because of its scarcity. 

 

The following are scientific advancements emanating from this study: 

 The isolation, identification and characterisation of a less reported cyanogen and cyanide 

tolerant/resistant fungus (Cunninghamella bertholletiae) with the ability to degrade free 

http://webbook.nist.gov/cgi/cbook.cgi?ID=C124265&Units=SI&Mask=200
http://webbook.nist.gov/cgi/cbook.cgi?ID=C26171233&Units=SI&Mask=200
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cyanide and total nitrogen with an ability to produce toxins/mycotoxin that are contaminants 

in agricultural produce; 

 The development of an environmentally benign remediation strategy (method) with a 

potential for the reduction of toxin/mycotoxin and cyanogen load in agricultural soil.  
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CHAPTER 8 

8. OVERALL SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

8.1 Overall summary  

 Cyanogens and mycotoxins are mostly generated by/or found on several agricultural 

products worldwide. High concentrations of these components in products such as cassava (M. 

esculenta) renders the produce inedible and harmful to humans and environmental health. M. 

esculenta is used as a primary source of food for many communities globally. Cyanogens such as 

linamarin contained in the produce are released/volatilised during its cultivation, harvesting, 

processing and cooking. An assessment of the quantity of cyanogens, thus CN- , released during 

one of these stages (namely, cultivation) elucidated its contributing role to the overall cyanide load 

into the environment. The presence of Mycotoxins in cassava-cultivated soil caused by cyanide-

resistant microorganisms (bacteria/fungi) can contribute towards producing spoilage and 

environmental contamination. This research aimed to identify cyanide-resistant isolate(s), with an 

efficacy to decompose cassava and produce mycotoxins and to propose an environmentally 

benign reduction method for cyanogens (including hydrogen cyanide) and mycotoxin 

biodegradation in cassava-cultivated soil.  

 Numerous research studies have suggested several methods for the reduction of 

cyanogens and CN- in particular, as well as mycotoxins in agricultural products in general, which 

are deemed unsuitable due to either the use of chemical compounds and/or cost. Thus, the 

populace that consumes the produce on a daily basis and those living in rural areas cannot use 

these methods. It is therefore mandatory to propose a low-cost, environmentally benign 

biotechnological method for the reduction of cyanogens (CN-) and mycotoxins for in-situ 

application in cassava-cultivated soil.  

 To attain the above objectives, cassava was grown (in a controlled environment) at the 

Cape Peninsula University of Technology’s Cape Town Campus. After 10 months of growth, 

volatilised gases (HCN, NH3, NO2) from cassava plants, the chlorophyll content as well as PAR 

were determined. The gas volatilised was: 14.4 mg/L (NH3), 5.8 mg/L (HCN) and 5.8 mg/L (NO2) 

being minimum values, with maximum values of 147.4 mg/L, 90.3 mg/L and 7.7 mg/L of NH3, 

HCN, NO2 being observed respectively. As an indication of the health of the plants when 

volatilised, gas measurements were made. A chlorophyll content measured on the cassava plant 
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leaves ranged from 26.55 to 29.5 µmol/m2 with PAR being at a maximum of 122.1 to 196.7 

µmol/m2s (Chapter 4).  

 Additionally, using ArcGIS, and Quantum GIS (QGIS), the global HCN from cassava tuber 

harvesting was mapped, followed by projections (2014 to 2024) for HCN release for the largest 

cassava producers, namely Africa, Asia and South America, using FAO data. This information 

indicated that the estimated HCN released from cassava harvesting from 2002 to 2014 ranged 

from 0.025x10-3 to 6.71 ppq (Africa), 0.012 x10-3 to 1.01 ppq (Asia) and 0.007x10-3 to 0.920x10-3 

ppq (South America), while the projection of HCN volatilisation for the next 10 years (2014 to 

2024), indicating increases estimated at 60.5% (Africa), 57.7% (Asia) and 50.5% (South America).  

 Furthermore, an assessment of fungal pathogenic activity against cassava-cultivated soil 

consortia, the identification of mycotoxins from cyanide-resistant isolate, identified as C. 

bertholletiae, was successfully completed. The fungus identification was based on morphology, 

microscopic structure, nucleotide sequences and phylogenetic analysis. The fungus has the 

potential to be used as a free cyanide and total nitrogen degrader (Chapter 5).  

 Fungal pathogenic activity of the C. bertholletiae against microorganisms in cassava-

cultivated soil, revealed an inhibition of some bacterial growth accompanied by the complete 

antagonistic effect of some bacterial species, Oligella ureolytica, Acinetobacter sp., Pseudomonas 

luteola and Sphingomonas paucimobilis, while there was a partial antagonistic effect against 

Myroides sp., Stenotrophomonas maltophilia and Candida lipolytica. Additionally, the fungus’s 

pathogenic ability on other soil fungi such as Cryptococcus albidus and Rhodotorula sp., was 

found to be insignificant (Chapter 6).  

 By using a fermentation method, the cyanide-resistant organism (identified in Chapter 5) 

was able to produce mycotoxins such as Fumonisin B1 (FB1) and Deoxynivalenol (DON) and 

other secondary metabolites, respectively (not a focus of this research under CN- and CN--free 

culture conditions) (Chapter 7). With regard to the mitigation or bioremediation strategies with a 

potential to also facilitate CN- and total nitrogen reduction, Nepenthes mirabilis extracts were 

successfully evaluated to specifically biodegrade FB1 and DON with carboxylesterases, β-

glucosidase, β-glucoronidase and Phosphatidyl inositol phospholipase C being amongst enzymes 

quantitatively and qualitatively being identified as some of the constituents in the extracts. Such 

constituents are known for the detoxification of mycotoxins and other constituents associated with 

cassava decomposition via hydrolysis of side chains and amino groups, thus causing 

destabilisation.  
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8.2 Overall conclusion  

 In conclusion, the research undertaken has confirmed the hypotheses and probable 

outcomes to the research questions asked. Thus, the study established that during cassava 

cultivation, a significant concentration of CN- and its gaseous by-products, NO2 and NH3, are being 

released into the atmosphere (through volatilisation), as well as into the environment in general, 

which can contaminate soil and groundwater sources in particular, through decomposition, 

complexation, transportation and leaching. This was indicative of free cyanide loading into the 

atmosphere and subsequently into the environment which can negatively impact on the soil’s 

physical, chemical and biological properties, culminating in direct and deleterious consequences 

on agricultural productivity of soil used for cassava cultivation.  

 Furthermore, a less-reported cyanide resistant fungus, identified as C. bertholletiae, was 

successfully isolated, identified and characterised. The novelty of the research was not only on 

the isolates’ tolerance and ability to biodegrade free cyanide and convert it into NH4
+-N and NO3-

N and eventually into N2 gas, but also on its ability to produce mycotoxins/toxins (FB1, DON), 

including other secondary metabolites which were not of interest in this study.  

 Additionally, a synergistic co-culturing of the fungus, C. bertholletiae, and other cassava- 

cultivated soil microorganisms, demonstrated the isolates’ pathogenic activity on numerous 

bacterial species such as Oligella ureolytica, Acinetobacter sp., Pseudomonas luteola, 

Sphingomonas paucimobilis, Myroides sp., Stenotrophomonas maltophilia and Candida lipolytica, 

while it showed a mutualistic and beneficial symbiosis with other bacterial species such as 

Methylobacterium sp. 

 For the bioremediation of soil contaminated by mycotxins/toxins, this study proposed an 

environmentally benign method in which extracts from a carnivorous plant (Nepenthes mirabilis) 

were shown to be able to successfully biodegrade FB1 and DON, producing biodegradation by-

products such as Heptadecanone, Octadecanamide Octadecenal and Tolmetin which were 

successfully identified. This method can be further developed using plant extracts with similar 

properties (characteristics) as a biodegradation means of mycotoxin reduction in contaminated 

agricultural (arable) soil.  

http://webbook.nist.gov/cgi/cbook.cgi?ID=C124265&Units=SI&Mask=200
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8.3 Recommendations: future studies 

 Further studies on cyanide movement from decomposing cassava are therefore needed 

in order to fully comprehend the movement including complexation of cyanides specifically in the 

environment.   

 The option to cultivate genetically modified cassava, particularly in regions with high 

cassava production including decomposition and whereby communities are reluctant to use 

genetically modified cultivars in order to decrease both environmental and public health outcomes, 

can be investigated further. 

 As the C. bertholletiae isolate has proven to biodegrade cyanides, it can be used for 

environmental engineering purposes particularly for the biodegradation of cyanide compounds in 

matrices such as wastewater from large gold mining operations.  

 Finally, the economic evaluation and feasibility of the proposed mycotoxin/CN- mitigation 

method (proposed) on a large scale, or in-situ/trial studies, are needed in order to comprehend 

the financial implications and to evaluate the extracts of indigenous plants with the potential of 

producing extracts with similar characteristics to those observed for Nepenthes mirabilis to ensure 

the sustainability of the proposed method, and to consider alternative plant sources. 
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APPENDIX 

 

Appendix 1: Used Primers and C. bertholletiae accession number and Nucleotide 

sequences  

 

Primers (reverse and forward) used:   

ITS1: ‘ITSTCCGTAGGTGAACCTGCGG’  

ITS4: ITS ‘TCCTCCGCTTATTGATATG’ 

 

Fungus Cunninghamella bertholletiae accession no: KT275316  

Nucleotide sequences submitted on Genbank: 

tatccacagg gggaaatgct tctaacgctt gtgcctggtt cagtctagtg ctgccacttgagtttatcct 

taatcaaggg atctttgggt agttgttcat tattttctct ctctttttag ggggggggaa ttaatgatgg 

gcacctcttg taaaggggat aaattacttt tattatacta aattttactg aactgataac cataaatcta 

tggttgtttt ttattataat taaacaaaaa aacaactttc agcaatggat ctctcggctt tcgtatcgat 

aaaaccacaa atccgatatg taaggatctg cctatagtga atcatcaaat ctttgaacgc atcttgcacc 

ttatggtatt ccataaggta cgtctgtttc agtaccacta aaaatctctc tctatccttg atgata 
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Appendix 2: Fungal species/strains, mycotoxins and affected produce 

Species/Strain Toxins identified Affected produce References 

Fusarium sp. 

Aspergillus sp. 

Fumonisins  Corns, Wheat, Soybeans, 

Tomatoes, Maize, Cassava, 

Peanut, Jimsonweed, Malt, 

Oat, Rice, Potatoes, 

Carrots, Barley, Rice 

Plattner, 1995 Gelderblom et al., 1988; Doehlert et 

al., 1994; Nielsen et al., 2009; Gnonlonfin et al., 

2008; Sulyok et al., 2014; Abbas et al., 1995; Abbas 

et al., 1998; Mantle et al., 2016; Ediage et al., 2014; 

Vanhoutte et al., 2016.  

 

Aspergillus sp. Aflatoxins, Citrinin, Patulin, 

Ochratoxin, Gliotoxin, 

Fumonisins 

Bean, Cotton, Sorghum, 

Barley, Wheat, Maize, 

Cassava, Yam, Almond, 

Mango, Garlic, Apple, 

Pineapple, Strawberry, 

Pistachio, Apricot, Peach, 

Carrot, Citrus (Citrus sp.), 

Grape, Raisin, Fig, Milk, 

Cheese, Date, Maize, 

Coffee bean, Onion, Red 

pepper 

 

Wu et al., 2009; Samuel et al., 2013; Hassan & 

Kassaify, 2014; Gnonlonfin et al., 2008;  Ediage et 

al., (2014); Sulyok et al., 2014; Frisvad et al., 2007; 

Varga et al., 2007 2010, Tripathi & Mishra, 2009. 

Trichothecium sp,  

Myrothecium sp., 

Trichoderma sp. 

DON, T2-toxin,  HT2-toxin Wheat, Maize, Cassava, 

Peanut 

Plattner, 1995; Sudakin,2003; Kimura et al., 2007; 

Li et al., 2011; Ediage et al., 2014; Sulyok et al., 

2014. 
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Cont: Appendix 2: Fungal species/strains, mycotoxins and affected produced 

Fusarium sp. ZEN, zea/F-2 toxin, 

Moniliformin, Aflatoxins, 

Fumonisins, Beauvericin, 

Deoxynivalenol (Vomitoxin), 

Nivalenol T2-toxin,  HT2-toxin,  

Wheat, Maize, Cassava, 

Peanut, Cotton, Spices, 

Rice, Red pepper 

Zinedine et al., 2007; Zinedine & Mañes, 2009; 

Sudakin, 2003; Kimura et al., 2007; Ediage et al., 

2014; Sulyok et al., 2014; Abbas, et al., 1998; 

Tripathi & Mishra, 2009. 

Penicillium sp. Citrinin, Ochratoxin, Patulin, 

Penicillic acid, Penitrem A, 

Roquefortine, Frequentin, 

Palitantin, Mycophenolic 

acid, Viomellein, Gliotoxin, 

Citreoviridin, Rubratoxin B 

 

Maize, Wheat, Barley, 

Cassava, Peanut, Tabaco, 

Meat products, Cheese 

varieties, Grape juice 

Ismaiel & Papenbrock, 2015; Ediage et al., 2014; 

Gnonlonfin et al., 2008;  Sulyok et al., 2014; Mantle 

et al., 2016; Lund & Frisvad, 2003;  

Penicillium sp. Citrinin, Ochratoxin, Patulin, 

Penicillic acid, Penitrem A, 

Roquefortine, Frequentin, 

Palitantin, Mycophenolic 

acid, Viomellein, Gliotoxin, 

Citreoviridin, Rubratoxin B 

 

Maize, Wheat, Barley, 

Cassava, Peanut, Tabaco, 

Meat products, Cheese 

varieties, Grape juice 

Ismaiel & Papenbrock, 2015; Ediage et al., 2014; 

Gnonlonfin et al., 2008;  Sulyok et al., 2014; Mantle 

et al., 2016; Lund & Frisvad, 2003;  

Monascus sp. Citrinin Bean, Cotton, Sorghum, 

Cassava, Peanut 

Ismaiel & Papenbrock, 2015; Ediage et al., 2014; 

Sulyok et al., 2014. 
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Cont: Appendix 2: Fungal species/strains, mycotoxins and affected produced 

Rhizopus oryzae Fumonisins, Aflatoxins Cassava, Yam Gnonlonfin et al., 2008. 

Mucor piriformis Fumonisins, Aflatoxins Cassava, Yam Gnonlonfin et al., 2008. 

 

Aspergillus 

brasiliensis 

 

naphtho-γ-pyrones, tensidol A 

and B and pyrophen 

 

Grape berries 

 

Varga et al., 2007. 
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Appendix 3: Decomposing cassava tubers 

 

 

 

 

 

 

Appendix 4: Inoculum of C. bertolletiae into nutrient agar and formation of mycelia  
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Appendix 5: C. bertholletiae pathogenic activity on Myroides 
sp. after 24hr, 48hrs and 120hr  

 

 

Appendix 6: C. bertholletiae pathogenic activity on 
Achromobacter denitrificans/Achromobacter xylosoxidans 

after 24hr, 48hr and 120hr  

 

 

Appendix 7: C. bertholletiae pathogenic activity on 
Methylobacterium sp. after 24hr, 48hr and 120hr  
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Appendix 8: bertholletiae pathogenic activity on  
Stenotrophomonas maltophilia after 24hr and 48hr  

 

  

Appendix 9: Nepenthes mirabilis pitcher extracts with prey  

 

Appendix 10: Calculation of enzyme activity 

 The calculation of enzyme activity was done in order to convert the reading units per litre; 

thus, 1 unit = µmol substrate which is converted in minutes.  

 While, the readings of the absorbance is plotted in a graph in which there is time versus 

absorbance. 

  
dt

dA
is an initial slope gradient which determines the value of the reaction’s initial rate. 

 While, the above ratio is converted into 
dt

dc
 by dividing it with the extension coefficient 

(17000 M-1. Cm-1 as suggested by Lambert-Beer. Thus, the value will be converted into 

mol.min. -1L -1. 

 Multiple by 106 in order to convert moles into micromoles. Finally, the 1 unit will be micro-

moles. min. -1L -1 with the final answer unit expressed as units per litre. 


