
 

 

 

Triggers for taste and odour events:  

A study of microbial production of  

geosmin and  

2-methylisoborneol 

 

 

 

 

 

Heather Karen Uwins 

B.Sc. Hons 
 

 

 

 

 

 

 

 

School of Biomolecular and Physical Sciences, 

Science, Environment, Engineering and Technology 

Griffith University 
 

 

 

 

 

 

 

 

Submitted in fulfilment of the requirements of the degree of 

Doctor of Philosophy 
 

 

December 2011 





Abstract  

 
The research presented in this thesis was initiated and supported by Gold Coast Water 

(Queensland Australia) in response to severe taste and odour issues experienced 

during a prolonged dry period that impacted on its drinking water service. The intent 

of this research project was to gain a better understanding of the presence, source and 

perseverance of geosmin and MIB within the Hinze Dam and the treated water 

distribution system and to explore potential environmental and physiological triggers 

for the microbial production of geosmin and MIB. Both field-based and laboratory-

based research was undertaken to achieve this goal. The outcomes of this research 

have contributed to the knowledge of factors influencing taste and odour events and 

have provided further guidance, management options and research to understand and 

manage taste and odour events.  

 

A 13-month sampling program of the Hinze Dam was undertaken, during which time 

a significant taste and odour event occurred. High concentrations of geosmin were 

detected in the surface water of Gold Coast Water’s raw water source, Hinze Dam, 

during the Summer months and were strongly correlated with an increase in numbers 

of the cyanobacterium Anabaena sp. The increase in these cyanobacterial cells 

occurred immediately after a significant rainfall event and an accompanying pulse in 

nutrients during a time of warmer water temperatures. However, high rainfall and a 

pulse of nutrients did not render the same effect during colder months. Thus it was 

concluded that temperature and nutrient concentrations are important parameters 

involved in the microbial production of geosmin and MIB. This study also revealed 

that geosmin is present throughout the depth of the dam at most times throughout the 

year, albeit at concentrations not likely to cause aesthetic concerns for Gold Coast 



Water. This study did not find evidence to support the supposition that the taste and 

odour compounds, geosmin and MIB, were being produced by biofilm-attached or 

free Actinobacteria, post-treatment, in the reticulation system.  

 

Sixteen Actinobacteria isolates from the Hinze Dam and Nerang River water samples 

were examined for geosmin and MIB production and identified using 16S rRNA 

analysis. A significant number of these isolates (69%) produced geosmin or both 

geosmin and MIB and were identified as Streptomyces species. The laboratory study 

with Streptomyces coelicolor A3(2) demonstrated that geosmin production was 

influenced by temperature, incubation time and nutrient concentration. In general, 

more geosmin was produced by S. coelicolor A3(2) at higher temperatures and after 

longer incubation times. It was demonstrated that manganese and iron, at 

concentrations found in the dam, may not influence geosmin production by S. 

coelicolor A3(2), whilst nitrogen, at concentrations found in the dam, stimulated 

geosmin production. S. coelicolor A3(2) was able to produce geosmin under limited 

phosphorus conditions, similar to those found in the dam, but optimal geosmin 

production occurred with higher concentrations of phosphorus. This study revealed 

that, unlike many cyanobacteria, geosmin production in S. coelicolor A3(2) was most 

typically released extracellularly although some geosmin was retained intracellularly. 

Geosmin production in S. coelicolor A3(2) was not readily correlated with biomass 

production but was correlated with ATP production, thus revealing that geosmin 

production is not necessarily coupled with growth. The results from the field study 

and the laboratory study reveal that there is potential for Actinobacteria in the Hinze 

Dam to contribute to taste and odour events but there appears to be environmental 

factors controlling or impeding the production of geosmin and MIB in the water 



column. Analysis of data and literature suggests that temperature, dissolved oxygen 

and concentration of phosphorus are likely to be the key factors that prevent or inhibit 

the production of geosmin and MIB by Actinobacteria in the dam.  

 

Based on the findings of this research and current literature, a framework has been 

developed to assist water storage managers to systematically examine all factors and 

complex interactions that may contribute to taste and odour events. The framework 

has been applied to the Hinze Dam water storage, catchment, treatment and 

distribution system and a conceptual model developed to provide a visual aid to help 

understand the complex interactions occurring in the system that may influence the 

potential for microbially derived taste and odour events. 

 

 



 

 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

This work has not previously been submitted for a degree or diploma in 

any university. To the best of my knowledge and belief, the thesis 

contains no material previously published or written by another person 

except where due reference is made in the thesis itself. 

 

 

 

 

 

 

 

………………………………………………….. 

Heather K Uwins 

 



i 



Table of Contents 

 
Acknowledgements ....................................................................................................... i 

Abbreviations ............................................................................................................. iii 

Glossary of terms ........................................................................................................ iv 

 

Chapter 1 – Introduction and objectives ................................................................... 1 

 

Chapter 2 - The Issue of taste and odour compounds in drinking water ............... 5 

2.1 Introduction ....................................................................................................... 5 

2.2 Geosmin and 2-methylisoborneol ..................................................................... 6 

2.3 Source water studies of taste and odour events ................................................ 7 

2.4 Geosmin and 2-methylisoborneol-producing microorganisms ......................... 9 

2.4.1 The cyanobacteria ...................................................................................... 9 

2.4.2 Algae ........................................................................................................ 11 

2.4.3 Fungi ........................................................................................................ 11 

2.4.4 The Actinobacteria ................................................................................... 12 

2.5 Metabolic pathways of geosmin and MIB production .................................... 15 

2.5.1 The correlation of geosmin and MIB production with photo-pigments .. 17 

2.6 Factors affecting microbial production of geosmin and MIB ......................... 18 

2.7 Water treatment approaches for removing taste and odour compounds ......... 21 

2.7.1 Studies on the effects of treatment chemicals .......................................... 21 

2.8 Potential sources of geosmin & MIB post treatment ...................................... 23 

2.9 Predictive tools................................................................................................ 23 

2.10 Gaps in knowledge .......................................................................................... 24 

 

Chapter 3 – Field Study 1 - Presence, perseverance and sources of geosmin and 

MIB in the Hinze Dam ............................................................................................... 25 

3.1 Introduction ..................................................................................................... 25 

3.2 Aims ................................................................................................................ 25 

3.3 Materials and methods .................................................................................... 26 

3.3.1 Sampling sites and sampling processes ................................................... 26 

3.3.2 Analysis.................................................................................................... 30 

3.3.2.1 Parameters measured ........................................................................ 30 



3.3.2.2 Algal counts ...................................................................................... 32 

3.3.2.3 Bacterial counts ................................................................................. 32 

3.3.2.4 Actinobacteria isolation and counts .................................................. 34 

3.3.2.5 Geosmin and MIB ............................................................................. 35 

3.3.2.6 Carbon ............................................................................................... 35 

3.3.2.7 Data analysis ..................................................................................... 36 

3.4 Results ............................................................................................................. 36 

3.4.1 Investigation one – Hinze Dam depth profile .......................................... 36 

3.4.1.1 Occurrence of geosmin in the dam ................................................... 36 

3.4.1.2 Occurrence of 2-methylisoborneol (MIB) in dam ............................ 36 

3.4.1.3 Physical parameters .......................................................................... 39 

3.4.1.4 Bacterial numbers ............................................................................. 45 

3.4.1.5 Nitrogen ............................................................................................ 50 

3.4.1.6 Phosphorus ........................................................................................ 50 

3.4.1.7 Iron .................................................................................................... 50 

3.4.1.8 Manganese ........................................................................................ 51 

3.4.1.9 Carbon ............................................................................................... 51 

3.4.1.10 Dry weather and wet weather sampling .......................................... 53 

3.4.2 Investigation two – surface profile of Hinze Dam ................................... 54 

3.4.2.1 Geosmin and MIB ............................................................................. 54 

3.4.2.2 Water temperature ............................................................................. 54 

3.4.2.3 Anabaena counts and total algal counts ............................................ 55 

3.4.2.4 Actinobacteria numbers .................................................................... 56 

3.4.2.5 Rainfall and dam capacity ................................................................. 56 

3.4.2.6 Nitrogen ............................................................................................ 56 

3.4.2.7 Phosphorus ........................................................................................ 56 

3.4.2.8 Analysis............................................................................................. 58 

3.5 Discussion ....................................................................................................... 59 

3.5.1 Presence and perseverance of geosmin .................................................... 59 

3.5.2 Presence and perseverance of MIB .......................................................... 61 

3.5.3 Potential sources of geosmin and MIB in dam ........................................ 61 

3.5.4 Potential triggers for geosmin and MIB................................................... 66 

3.6 Conclusions ..................................................................................................... 70 



Chapter 4 – Field Study 2 – Presence, perseverance and sources of geosmin and 

MIB in the Gold Coast reticulation system ............................................................. 71 

4.1 Introduction ..................................................................................................... 71 

4.2 Aims ................................................................................................................ 72 

4.3 Materials and methods .................................................................................... 72 

4.3.1 Sampling sites and sampling processes ................................................... 72 

4.3.1.1 Drinking water treatment plant ......................................................... 72 

4.3.1.2 Gold Coast distribution system ......................................................... 73 

4.3.2 Analyses ................................................................................................... 75 

4.3.2.1 Bacterial counts ................................................................................. 75 

4.3.2.2 Actinobacteria isolation and counts .................................................. 75 

4.3.2.3 Geosmin and MIB ............................................................................. 75 

4.3.3 Biofilm observations and sampling ......................................................... 75 

4.3.4 Data Analysis ........................................................................................... 77 

4.4 Results ............................................................................................................. 78 

4.4.1 Geosmin and MIB in the treatment train ................................................. 78 

4.4.2 Geosmin and MIB in the reticulation system .......................................... 79 

4.4.3 Bacterial counts ........................................................................................ 83 

4.4.4 Actinobacteria counts............................................................................... 83 

4.4.5 Biofilms.................................................................................................... 83 

4.5 Discussion ....................................................................................................... 84 

4.6 Conclusions ..................................................................................................... 86 

 

Chapter 5 –Actinobacteria isolates: Identification and ability to produce geosmin 

and 2-Methylisoborneol ............................................................................................. 87 

5.1 Introduction ..................................................................................................... 87 

5.2 Material and methods ...................................................................................... 89 

5.2.1 The isolates .............................................................................................. 89 

5.2.2 Maintenance and preservation of bacterial cultures ................................. 90 

5.2.3 Genetic characterisation ........................................................................... 91 

5.2.3.1 Isolation and extraction of genomic DNA ........................................ 91 

5.2.3.2 Amplification of 16S rRNA gene using the polymerase chain 

reaction (PCR) ................................................................................................. 91 

5.2.3.3 Sequencing ........................................................................................ 92 



5.2.3.4 Phylogenetic analysis ........................................................................ 93 

5.2.4 Geosmin and MIB production and analysis ............................................. 93 

5.3 Results ............................................................................................................. 94 

5.3.1 Geosmin and MIB Production ................................................................. 94 

5.3.2 Phylogenetic analysis ............................................................................... 95 

5.4 Discussion ..................................................................................................... 100 

5.5 Conclusion .................................................................................................... 102 

 

Chapter 6  – Studies of physico-chemical factors influencing production of 

geosmin in Streptomyces coelicolor A3(2) ............................................................... 103 

6.1 Introduction ................................................................................................... 103 

6.2 Aim of this study ........................................................................................... 106 

6.3 Materials and methods .................................................................................. 107 

6.3.1 The organism ......................................................................................... 107 

6.3.2 Culture conditions .................................................................................. 108 

6.3.3 Experimental procedure ......................................................................... 108 

6.3.4 Intracellular and extracellular geosmin measurements - optimisation of 

technique ............................................................................................................ 110 

6.3.5 Intracellular and extracellular geosmin measurements - experimental 

procedure............................................................................................................ 111 

6.3.6 ATP measurements ................................................................................ 112 

6.3.7 Dry weight measurements...................................................................... 113 

6.3.8 Data analysis .......................................................................................... 113 

6.4 Results ........................................................................................................... 114 

6.4.1  Analysis of Variance…………………………………………………....115 

6.4.2  The effect of temperature and time on geosmin production……………114 

6.4.3 The overall effect of temperature and time on geosmin production on 

cultures grown in standard MBHB……………………………………………116 

6.4.4 Geosmin production in cultures incubated at 16
o
C…………………..…117 

6.4.5 Geosmin production in cultures incubated at 23
o
C……………………..118 

6.4.6 Geosmin production in cultures incubated at 30
o
C……………………..119 

6.4.7 Intracellular retention of geosmin .......................................................... 122 

6.4.8 Biomass production ............................................................................... 125 

6.4.9 ATP production ...................................................................................... 127 



6.4.10 Effect of phosphorus concentration on geosmin production ................. 129 

6.4.11 Effect of nitrogen concentration on geosmin production ...................... 133 

6.4.12 Effect of iron concentration on geosmin production ............................. 138 

6.4.13 Effect of manganese concentration on geosmin production .................. 142 

6.5 Discussion ..................................................................................................... 145 

6.5.1 Influence of temperature on geosmin production in S. coelicolor 

A3(2)….. ............................................................................................................ 145 

6.5.2 Influence of incubation time on geosmin production in S. coelicolor 

A3(2)… .............................................................................................................. 147 

6.5.3 Expression of geosmin in S. coelicolor A3(2) (intracellular vs. 

extracellular) ...................................................................................................... 147 

6.5.4 The relationship between growth and metabolism in relation to geosmin 

production in S. coelicolor A3(2) ...................................................................... 148 

6.5.5 The effect of nutrient concentrations on geosmin production in S. 

coelicolor A3(2) ................................................................................................. 149 

6.5.5.1 Manganese ...................................................................................... 149 

6.5.5.2 Iron .................................................................................................. 150 

6.5.5.3 Phosphorus ...................................................................................... 150 

6.5.5.4 Nitrogen .......................................................................................... 151 

6.6 Conclusions ................................................................................................... 152 

 

Chapter 7 –Taste and odour potential from Actinobacteria in Hinze Dam ....... 103 

7.1 Introduction ................................................................................................... 153 

7.2 Source of Actinobacteria............................................................................... 154 

7.3 Relationship of Actinobacteria to geosmin and MIB ................................... 156 

7.4 Potential for taste and odour production ....................................................... 158 

7.4.1 Association of Actinobacteria to physico-chemical parameters ............ 159 

7.4.1.1 Dissolved oxygen ............................................................................ 161 

7.4.1.2 Temperature .................................................................................... 162 

7.4.1.3 Nitrogen .......................................................................................... 163 

7.4.1.4 Phosphorus ...................................................................................... 165 

7.4.1.5 Iron .................................................................................................. 166 

7.4.1.6 Manganese ...................................................................................... 167 

7.4.1.7 Other factors.................................................................................... 168 



7.5 Conclusion .................................................................................................... 169 

 

Chapter 8 - Framework to examine and manage complex interactions that 

contribute to taste and odour events ...................................................................... 171 

8.1 Introduction ................................................................................................... 171 

8.2 Aims .............................................................................................................. 172 

8.3 The Framework ............................................................................................. 173 

8.3.1 The physical environment ...................................................................... 175 

8.3.1.1 Land use in the catchment area ....................................................... 175 

8.3.1.2 Erosion issues.................................................................................. 175 

8.3.1.3 Hydrological flow dynamics ........................................................... 176 

8.3.1.4 Inflow and outflow .......................................................................... 177 

8.3.1.5 Depth and thermal stratification...................................................... 177 

8.3.1.6 Design and positioning of drinking water off-take ......................... 177 

8.3.2 Environmental conditions ...................................................................... 178 

8.3.2.1 Nutrients .......................................................................................... 178 

8.3.2.2 Chlorophyll a and algal counts ....................................................... 178 

8.3.2.3 Dissolved oxygen, pH and turbidity ............................................... 178 

8.3.2.4 Climatic conditions and seasonal changes ...................................... 179 

8.3.3 Source of odour compounds .................................................................. 179 

8.3.3.1 Cyanobacteria ................................................................................. 180 

8.3.3.2 Actinobacteria ................................................................................. 180 

8.3.3.3 Taste and odour compounds ........................................................... 181 

8.3.3.4 Other odour-producing organisms .................................................. 181 

8.3.4 Establishing and documenting level of knowledge and understanding . 182 

8.3.5 Management options .............................................................................. 182 

8.3.6 The process for implementing the framework ....................................... 184 

8.4 Implementing the framework – Hinze Dam and catchment ......................... 189 

8.5 Development of conceptual model for Hinze Dam catchment and storage, 

treatment and distribution ...................................................................................... 203 

8.6 Conclusions ................................................................................................... 207 

Chapter 9 – Conclusions and suggestions for future work .................................. 209 

9.1 Field study: presence and perseverance of geosmin and MIB in Hinze Dam 

and in Gold Coast’s reticulation system ................................................................ 209 



9.2 Identification and geosmin/MIB production of isolates ............................... 210 

9.3 Laboratory study: factors influence geosmin production by Streptomyces 

coelicolor A3(2) ..................................................................................................... 212 

9.4 Potential for Actinobacteria to contribute to geosmin and MIB concentration 

in Hinze Dam ......................................................................................................... 212 

9.5 Framework to examine factors and complex interactions that may contribute 

to taste and odour events ........................................................................................ 214 

 

Appendix A – List of published papers related to the work in this thesis .......... 215 

 

References ................................................................................................................. 217 





 List of Figures 

 

Chapter 2 
Figure 2.1 Schematic representation of the isoprenoid pathway indicating 

synthesis of geosmin and MIB…………………………………… 

 

16 

 

 

Chapter 3 
Figure 3.1 Map of study site showing location of Hinze Dam, Waterfall 

Creek and Nerang River………………………………………...... 

 

 

27 

Figure 3.2 Schematic diagram of sampling location for Hinze Dam………... 

 

28 

Figure 3.3 Depth profile of geosmin concentration in Hinze Dam over 13 

months……………………………………………………………. 

 

 

37 

Figure 3.4 Depth profile of MIB concentration in Hinze Dam over 13 

months……………………………………………………………. 

 

 

38 

Figure 3.5 Depth profile of temperature in Hinze Dam over 13 months…….. 

 

41 

Figure 3.6 Depth profile of turbidity in Hinze Dam over 13 months……….. 

 

42 

Figure 3.7 Depth profile of dissolved oxygen in Hinze Dam over  

13 months……………………………………………………….. 

 

 

43 

Figure 3.8 Depth profile of true colour in Hinze Dam over 13 months…….. 

 

44 

Figure 3.9 Distribution of Actinobacteria in Hinze Dam from September 

2004 to July 2005………………………………………………… 

 

 

47 

Figure 3.10 Comparison of Geosmin and MIB concentration to water 

temperature, total algal counts, Anabaena numbers and 

Actinobacteria cells in all surface composite samples…………… 

 

 

 

55 

Figure 3.11 Comparison of rainfall, dam capacity, ammonia, oxidised 

nitrogen, total nitrogen, orthophosphate and total phosphorus in 

all surface composite samples……………………………………. 

 

 

 

57 

Figure 3.12 Actinobacteria numbers and geosmin concentration from surface 

composite samples in the Hinze Dam taken over 13 months…….. 

 

 

62 

Figure 3.13 Anabaena numbers and geosmin concentration from surface 

composite samples in the Hinze Dam taken over 13 months…….. 

 

 

63 

Figure 3.14 Anabaena numbers from surface composite samples and rainfall 

in the Hinze Dam taken over 13 months…………………………. 

 

 

 

64 



Figure 3.15 Geosmin concentration from surface composite samples and 

rainfall in the Hinze Dam taken over 13 months………………… 

 

 

64 

Figure 3.16 Actinobacteria numbers from surface composite samples and 

rainfall in the Hinze Dam taken over 13 months…………........... 

 

 

65 

 

Chapter 4 
Figure 4.1 Map of study site showing sampling location for Gold Coast 

Water distribution system………………………………………… 

 

 

74 

Figure 4.1 The modified Robbins device and coupons. The biofilm sampling 

surface fits snugly into the device and is shaped to follow the 

interior surface of the tube……………………………. 

 

 

 

76 

Figure 4.2 Concentration of geosmin in raw water at Hinze Dam pump 

station, raw water at Molendinar treatment plant and in treated 

water at Molendinar treatment plant throughout the 13-month 

sampling period………………………………………………….. 

 

 

 

 

79 

Figure 4.3 Concentration of MIB in raw water at Hinze Dam pump station, 

raw water at Molendinar treatment plant and in treated water at 

Molendinar treatment plant throughout the 13-month sampling 

period……………………………………………………………. 

 

 

 

 

79 

 

Chapter 5 
Figure 5.1 Percentage of Actinobacteria isolates from Hinze Dam and 

Nerang River producing geosmin only, MIB only, both geosmin 

and MIB or neither geosmin nor MIB……………………………. 

 

 

 

95 

Figure 5.2 Phylogenetic tree (neighbour joining) of 16S rRNA sequences of 

isolates……………………………………………………………. 

 

 

97 

 

Chapter 6 
Figure 6.1 Percentage recovery rate of geosmin and MIB standards after 

filtration through various filter types…………………………….. 

 

 

110 

Figure 6.2 Effect of temperature variation on extracellular geosmin and 

biomass production and on extracellular geosmin and ATP 

production of S. coelicolor in standard MBHB………………….. 

 

 

 

117 

Figure 6.3 Extracellular geosmin concentration measured on day 3 and day 

11 of incubation at 16
o
C for all culture conditions…………… 

 

 

118 

Figure 6.4 Intracellular geosmin concentration measured on day 3 and day 

11 of incubation at 16
o
C for all culture conditions…………… 

 

 

118 



Figure 6.5 Extracellular geosmin concentration measured on day 3 and day 

11 of incubation at 23
o
C for all culture conditions……………… 

 

 

120 

Figure 6.6 Intracellular geosmin concentration measured on day 3 and day 

11 of incubation at 23
o
C for all culture conditions……………… 

 

 

120 

Figure 6.7 Extracellular geosmin concentration measured on day 3 and day 

11 of incubation at 30
o
C for all culture conditions…………… 

 

 

121 

Figure 6.8 Intracellular geosmin concentration measured on day 3 and day 

11 of incubation at 30
o
C for all culture conditions……………… 

 

 

122 

Figure 6.9 Percentage intracellular geosmin to total geosmin for all cultures 

on both day 3 and day 11 incubated at 16
o
C, 23

o
C and 30

o
C……. 

 

 

124 

Figure 6.10 Biomass production measured on Day 3 of incubation at 16
o
C, 

23
o
C and 30

o
C for all culture conditions…………………………. 

 

 

126 

Figure 6.11 Biomass production measured on Day 11 of incubation at 16
o
C, 

23
o
C and 30

o
C for all culture conditions………………………… 

 

 

126 

Figure 6.12 ATP measured on Day 3 of incubation at 16
o
C, 23

o
C and 30

o
C 

for all culture conditions…………………………………………. 

 

 

128 

Figure 6.13 ATP measured on Day 11 of incubation at 16
o
C, 23

o
C and 30

o
C 

for all culture conditions………………………………………… 

 

 

128 

Figure 6.14 Comparison of extracellular geosmin concentration to biomass 

production in cultures with altered phosphorus concentration…… 

  

 

132 

Figure 6.15 Effect of different nitrogen concentrations on extracellular 

geosmin, intracellular geosmin, biomass and ATP… 

 

 

136 

Figure 6.16 Effect of different nitrogen concentrations on percentage of 

intracellular geosmin to total geosmin……………………………  

 

 

137 

Figure 6.17 Effects of different iron concentrations on extracellular geosmin 

to biomass ratio, extracellular geosmin to ATP ratio, intracellular 

geosmin to biomass ratio, and intracellular geosmin to ATP  

ratio………………………………………………………………. 

 

 

 

 

140 

Figure 6.18 Effect of different iron concentrations on percentage of 

intracellular geosmin to total geosmin…………………………… 

 

 

141 

Figure 6.19 Effects of different manganese concentrations on extracellular 

geosmin to biomass ratio, extracellular geosmin to ATP ratio, 

intracellular geosmin to biomass ratio, and intracellular geosmin 

to ATP ratio……………………………………………………… 

 

 

 

144 

Figure 6.20 Effect of different manganese concentrations on percentage of 

intracellular geosmin to total geosmin…………………………… 

 

145 



 

Chapter 7 
Figure 7.1 Comparison of total monthly rainfall recorded at the Hinze Dam 

to total Actinobacteria numbers counted during each monthly 

sampling occasion………………………………………………... 

 

 

 

155 

Figure 7.2 Comparison of dam capacity (as a percentage of fullness) at the 

end of each month to total Actinobacteria numbers counted 

during each monthly sampling occasion…………………………. 

 

 

 

155 

Figure 7.3 Comparison of total monthly rainfall recorded at the Hinze Dam 

to average monthly turbidity measured during each monthly 

sampling occasion………………………………………………...  

 

 

 

156 

Figure 7.4 Comparison of total geosmin and MIB concentration to total 

Actinobacteria numbers counted during each monthly sampling 

occasion at the Hinze Dam………………………………………. 

 

 

 

157 

Figure 7.5 Comparison of total geosmin and MIB concentration to total 

Actinobacteria numbers counted during monthly sampling period 

(Sept 2004 to July 2005) at the Hinze Dam……………………… 

 

 

 

158 

Figure 7.6 Tukey box and whisker plots of physico-chemical parameters 

measured at each depth in Hinze Dam over a 13-month period 

from July 2004 to July 2005……………………………………… 

 

 

 

160 

 

 

 

Chapter 8 
Figure 8.1 Diagrammatic representation of a framework for examining 

factors and linkages that may influence the potential for taste and 

odour events in drinking water sources………………………….. 

 

 

 

174 

Figure 8.2 Flow diagram describing recommended process for 

implementing framework for examining the potential for taste 

and odour events…………………………………………………. 

 

 

 

185 

Figure 8.3 Conceptual model of Hinze Dam catchment, storage, treatment 

and distribution system……………………………………………  

 

205 

 

 

 



List of Tables 

 

Chapter 2 
Table 2.1 Chemical structure, molecular weight and molecular formula of 

Geosmin and 2-methylisoborneol……………………………….. 

 

 

6 

Table 2.2 Studies of geosmin and MIB in source waters……………………   

 

8 

Table 2.3 Studies of the effect of various factors on the production of 

geosmin and/or MIB in microorganisms………………………… 

 

19 

Table 2.4 

 

 

The effect of treatment chemicals on organisms…………………     

 

22 

Chapter 3 
Table 3.1 Biological and physico-chemical parameters measured in the 

various sample types……………………………………………... 

 

 

31 

Table 3.2 Correlation analyses of geosmin and MIB concentration with 

physico-chemical parameters……………………………………..  

 

 

45 

Table 3.3 Statistical analysis of the correlation between geosmin and MIB 

concentration with bacterial numbers from all samples from all 

depths in the Hinze Dam…………………………………………. 

 

 

 

46 

Table 3.4 Correlation analyses of MIB concentration with bacterial numbers 

from samples at various layers……………………………………. 

 

 

49 

Table 3.5 Correlation analysis of geosmin and MIB concentration with 

nutrients from all samples from all depths in the Hinze Dam……. 

 

 

52 

Table 3.6 Statistical analysis of the correlation of geosmin with nutrients 

from the surface and lower layers in the Hinze Dam…………….. 

 

 

53 

Table 3.7 Results of dry and wet weather sampling undertaken at Nerang 

River and Waterfall Creek………………………………………..  

 

 

54 

Table 3.8 Statistical analysis of the correlation of geosmin and MIB 

concentration with physical and chemical parameters for the 

surface composite study…………………………………………..  

 

 

 

 

58 

Chapter 4 
Table 4.1 Sampling sites in the Gold Coast drinking water reticulation 

system……………………………………………………………... 

 

 

73 

Table 4.2 Parameters measured in various sample types……………………. 

 

 

75 



Table 4.3 Concentration of Geosmin in treated water and throughout the 

reticulation system………………………………………………... 

 

 

80 

Table 4.4 Concentration of MIB (ng/L) in treated water and throughout the 

reticulation system………………………………………………...  

 

 

82 

Table 4.5 Number of Actinobacteria counted from the sampling sites in the 

reticulation system………………………………………………... 

 

 

 

83 

Chapter 5 
Table 5.1 Description of isolates and details of the sample site and time…... 

 

90 

Table 5.2 Universal primers used for 16S rRNA amplification and 

sequencing………………………………………………………… 

 

 

92 

Table 5.3 Ability of each isolate from Hinze Dam and Nerang River to 

produce geosmin and/or MIB……………………………………..  

 

 

94 

Table 5.4 GenBank accession numbers for 16SrRNA sequence for each 

isolate……………………………………………………………..  

 

 

 

99 

Chapter 6 
Table 6.1 Ingredients for standard and altered Modified Bushnell-Haas 

Broth (MBHB) to achieve different concentrations of total 

phosphorus, total nitrogen, total iron and total manganese………. 

 

 

 

109 

Table 6.2 Summary of extracellular and intracellular geosmin concentration 

for all experimental conditions……………………………………   

 

 

115 

Table 6.3 Effect of phosphorus concentration on intracellular and 

extracellular geosmin production (ng/L), biomass (mg/mL) and 

ATP production (pg/mL)………………………………………… 

 

 

 

130 

Table 6.4 Effect of nitrogen concentration on intracellular and extracellular 

geosmin production (ng/mL), biomass (mg/mL) and ATP 

production (pg/mL)………………………………………………. 

 

 

 

133 

Table 6.5 Effect of iron concentration on intracellular and extracellular 

geosmin production (ng/mL), biomass (mg/mL) and ATP 

production (pg/mL)……………………………………………….. 

 

 

 

138 

Table 6.6 Effect of manganese concentration on intracellular and 

extracellular geosmin production (ng/L), biomass (mg/mL) and 

ATP production (pg/mL)…………………………………………. 

 

 

 

 

 

 

142 



Chapter 7 
Table 7.1 Correlation of Actinobacteria numbers to physico-chemical 

parameters in Hinze Dam………………………………………… 

 

 

 

159 

Chapter 8 
Table 8.1 Spreadsheet one - to support framework for understanding 

potential for taste and odour events………………………………. 

 

 

187 

Table 8.2 Spreadsheet two - to support framework for understanding 

potential for taste and odour events………………………………. 

 

188 

Table 8.3 Spreadsheet three - to support framework for understanding 

potential for taste and odour events………………………………. 

 

 

188 

Table 8.4 Factors influencing the potential for taste and odour events in 

Hinze Dam (Spreadsheet One)…………………………………… 

 

 

191 

Table 8.5 Consideration of feasibility of all options to manage taste and 

odour events (Spreadsheet two)………………………………….. 

 

 

197 

Table 8.6 Spreadsheet to support framework for understanding potential for 

taste and odour events (Spreadsheet three)………………………. 

 

 

198 

 

 

 





i 

Acknowledgements 

 

I wish to thank many people for their support and encouragement throughout this long 

journey and particularly acknowledge those who assisted with the completion of this 

work. First and foremost, I would like to thank my principal supervisor, Dr Helen 

Stratton whose expert knowledge of water microbiology was invaluable and whose 

patience and guidance was very much appreciated. Dr Peter Teasdale, who co-

supervised this project and whose expertise in environmental chemistry was essential 

in interpreting the water chemistry data described in Chapter 3 and in the 

development of the conceptual model presented in Chapter 8.   

 

I wish to thank the management of Gold Coast Water who supported and partially 

funded this project, in particular, Geoff Hamilton for his enthusiasm and support for 

this research. I would also like to thank the management and staff of Gold Coast City 

Council Scientific Services and acknowledge their assistance with sampling and 

analysis of water samples for the field study presented in Chapters 3 and 4. This work 

could not have been completed without them. I wish to thank Tamara Bauld who 

developed and optimized the SBSE method for the GCMS to measure geosmin and 

MIB in water samples and liquid culture method, which was used throughout this 

project. Rene Diocares of Griffith University for his ongoing technical advice and 

assistance with the operation of the GCMS and thermal desorption system. I would 

like to thank Tobias and Helen Kieser of the John Innes Centre, Norwich, United 

Kingdom who kindly donated a pure culture of Steptomyces coelicolor A3(2) which 

was used in the research undertaken in Chapter 6. Dr Sarah Schroeder of Griffith 

University for her expert assistance in the creation of the phylogenetic trees described 

in Chapter 5. Mike Gidley and Helen Dawson of the Department of Environment and 

Resource Management for turning my hand scribbled diagrams into something 

printable and readable. 

 

The receipt of scholarship stipends from Water Quality Research Australia Ltd (ex 

Cooperative Research Centre for Water Quality and Treatment) and Griffith 

University was very much appreciated.  

 

 



On a personal note, I wish to thank my colleagues, friends and family who have 

provided encouragement and support throughout this long journey. Your belief in me 

has kept me going. In particular, I wish to acknowledge my children, Amelia, Sarah 

and Emma and my step-children Alister and Louise who were so young when this 

project began and have now grown into wonderful young adults. (Yes it has taken that 

long!). I appreciate their interest in my work, even though they didn’t really 

understand what it was about. Lastly, I’d like to thank my husband, Ian, for his 

unconditional support, encouragement and belief in me and in particular, for his 

sensitivity in knowing when to nag me and when to say nothing. Thank you. 

 

 

 

 

 

 



Abbreviations 

ATP  Adenosine Tri-phosphate 

C  Celsius 

Fe  Iron 

FPP  Farnesyl Pyrophosphate 

GAC  Granular Activated Carbon 

GCMS  Gas Chromatography Mass Spectrometry 

GPP   Geranyl pyrophosphate 

HU  Hazen Units 

MBHB  Modified Bushnell-Haas Broth 

MIB  2-methylisoborneol  

Mn  Manganese 

N  Nitrogen 

NTU  Nephelometric Turbidity Unit 

P  Phosphorus 

PAC  Powdered Activated Carbon 

PCR  Polymerase Chain Reaction 

PDMS  Polydimethylsiloxane 

PI  Propidium Iodide 

SBSE  Stirbar Sorptive Extraction 

TDS  Thermal Desorption System 

 

 

 

 

 

 

 

 

 

 

 



Glossary of terms 

 

Organoleptic 

 

In terms of water quality, organoleptic is an adjective to 

describe the aspects of the water as experienced by one’s 

senses, including sight, taste and smell. Water of good 

organoleptic quality, is one that is pleasing to the senses. 

 

Autochthonous 

 

Native to the place where found. Autochthonous organisms 

in a water column are those considered natural and true 

‘residents’ of the water column. 

 

Allochthonous 

 

Originating in a place other than where found. Allochthonous 

organisms in a water column are those considered to be 

transported to the site and/or are not true ‘residents’ of the 

water column. 
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Chapter 1 – Introduction and objectives 

The research presented in this thesis was initiated and supported by Gold Coast 

Water (Queensland Australia) in response to severe taste and odour issues 

experienced during a prolonged dry period that impacted on its drinking water 

service. From 2001 to early 2003, a prolonged dry period occurred in the Gold Coast 

region resulting in volumes in water storage dams falling to below 30% capacity. 

During this time, taste and odour events were particularly severe and unpredictable. 

High concentrations of geosmin and 2-methylisoborneol (MIB) were measured in the 

Hinze Dam (the main water storage for the area) and were not associated with 

cyanobacterial blooms as was typically experienced prior to this drought period. 

Additionally, Gold Coast Water introduced treatment to reduce the concentration of 

geosmin and MIB in treated drinking water, however, significant taste and odour 

issues were still reported within the drinking water distribution system. Gold Coast 

Water considered that the production of geosmin and MIB in the dam during this 

period was not of cyanobacterial origin and that production may also have been 

occurring within the distribution system.  

 

Gold Coast Water initiated this research project to gain a better understanding of the 

source, presence and perseverance of geosmin and MIB within the Hinze Dam and 

the treated water distribution system and to explore potential environmental and 

physiological triggers for the production of geosmin and MIB. Both field-based and 

laboratory-based research was undertaken to achieve this goal. 
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The objectives of the field-based study were to investigate the following: 

 presence and perseverance of geosmin and MIB throughout the Hinze Dam, the 

treatment process and the treated water distribution system; 

 potential sources of geosmin and MIB in the Hinze Dam and the drinking water 

distribution system, such as cyanobacteria and Actinobacteria;  

 molecular identification and classification of isolated Actinobacteria; and  

 potential environmental and physiological triggers for the production of geosmin 

and MIB in the Hinze Dam.  

 

The objective of the laboratory-based study was to better understand and characterise 

if changes to physico-chemical conditions, representing those typically found in the 

environment, impacted on the production of geosmin in a single organism culture 

under controlled laboratory conditions. The physico-chemical conditions studied 

included changes to temperature, nutrient concentration and incubation time. The 

study also examined if geosmin was typically expressed intracellularly or 

extracellularly under each experimental condition and the relationship of geosmin 

production to cell growth (biomass) and metabolic activity. 

 

To bring both the field-based study and the laboratory-based study together, further 

examination of the potential of Actinobacteria to contribute to taste and odour events 

was undertaken to: 

 consider the source of Actinobacteria in the Hinze Dam; 

 explore the potential for production of taste and odour compounds by 

Actinobacteria in the Hinze Dam; and 
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 consider factors that may be limiting or prohibiting production of taste and odour 

compounds by Actinobacteria in the Hinze Dam.  

 

Finally, based on the research undertaken in this thesis, a novel high-level framework 

is proposed to assist water storage managers to systematically examine factors and 

complex interactions that may contribute to taste and odour events. This framework 

can be applied to individual water catchments and storages and provides a baseline 

for determining knowledge gaps and identifying future monitoring or research needs. 

It also assists in identifying specific management options and the feasibility of 

implementing these management options.  

 

The novel framework was then applied to the Hinze Dam water storage, catchment, 

treatment and distribution system, using the research findings presented in this thesis 

in addition to current literature. This process lead to the development of a conceptual 

model which identifies the factors and complex interactions that may contribute to 

taste and odour events, identifies areas of uncertainty and potential future research 

needs and identifies all options for management of taste and odour issues. This 

process can be applied to taste and odour problems in other catchments and 

distribution systems and can be used to guide future research decisions. 
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Chapter 2 - The Issue of taste and odour compounds in drinking 

water 

2.1  Introduction 

The organoleptic quality of drinking water is an important issue for suppliers of 

potable water world-wide. Public perception of drinking water quality is an ongoing 

issue for water utilities as consumers demand colourless, odourless, tasteless water 

and often associate taste and odours (off-flavours) in water with contamination. It has 

long been recognised that consumers associate off-flavours in drinking water with 

the safety of the water (McGuire, 1995). It is quite common for water utilities to 

receive numerous complaints regarding taste, odour and colour of drinking water, 

leading to water utilities adopting high standards for both health parameters and 

aesthetic quality. A survey across the USA and Canada revealed that earthy/musty 

odours were the second most common cause of odour problems in drinking water 

systems, behind chlorine (Suffet et al., 1996). 

 

Although most off-flavours in drinking water originate in the source water, they may 

also be produced during water treatment (e.g. chlorination by-products) (Wnorowski, 

1992), during transportation to the consumer, (e.g. leaching of taints into the potable 

water from the construction material used in water pipes) (Young et al., 1996) or 

from biofilms associated with the surfaces of pipes (Skjevrak et al., 2005). Off-

flavours originating in source waters are usually of microbial origin, although some 

may be a result of sewage effluents and agricultural run-off. The odour compounds 

of most concern to the water industry are those that are difficult to remove with 

conventional water treatment and have a very low odour threshold (Wnorowski, 

1992). Geosmin and 2-methylisoborneol are two such compounds. 
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2.2 Geosmin and 2-methylisoborneol  

Geosmin and 2-methylisoborneol (MIB) are volatile compounds that impart an 

earthy-musty odour and flavour and can be detected in extremely low concentrations 

by the human nose (geosmin - <2ng/L and MIB - <10ng/L) (Young et al., 1996). 

Although the occurrence of earthy-musty odours in source waters is well documented 

and was first described in the 1850’s (Wood et al., 2001), the compounds responsible 

for these odours were not described until the 1960’s, with geosmin being identified 

in 1965 (Gerber & Lechevalier, 1965) and MIB in 1969 (Gerber, 1969). Chemical 

properties of geosmin and MIB are described in Table 2.1. 

 

Table 2.1 Chemical structure, molecular weight and molecular formula of geosmin 

and 2-methylisoborneol 

Compound Name Chemical Structure Molecular 

Weight 

Molecular 

Formula 

Geosmin or 
octahydro-4,8a-dimethyl-

4a(2H)-Naphthalenol 

 

182.3 C12H22O 

2-methylisoborneol 

(MIB) 
 

168.3 C11H20O 

Adapted from Zimmerman et al. (2002), Wood & Snoeyink (1977) and Marshal & Hochstetler (1968) 

 

Both geosmin and MIB are secondary metabolites of a range of microorganisms 

including Actinobacteria, several species of cyanobacteria and algae, some species of 

fungi (Juttner & Watson, 2007) and myxobacteria (Dickschat et al., 2005; Schulz et 

al., 2004). The problems associated with the microbial production of geosmin and 
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MIB are not confined to the water industry. These compounds have been shown to be 

responsible for ‘off-flavours’ in fish and seafood ( Conte et al., 1996; Farmer et al., 

1995; Heil & Lindsay, 1988; Hsieh et al., 1988; Lelana, 1987; Lovell et al., 1986; 

Martin et al., 1988; van der Ploeg, 1992), coffee (Cantergiani et al., 2001), grains 

and potatoes (Chambers et al., 1998), wines and grape juice (Darriet et al., 2001), 

milk, cacao beans and tobacco (Gerber, 1979). Geosmin and MIB can render food 

products unpalatable, resulting in significant financial burden to the food and water 

industries. Despite the cost to industry and water service providers, factors 

influencing the production and control of geosmin and MIB in microorganisms are 

not fully understood. 

2.3  Source water studies of taste and odour events 

There are numerous documented taste and odour events in source water from all 

parts of the world in the literature. Many studies attempt to identify the compound 

responsible for the odour event and many attempt to identify or isolate the causative 

organism.  Twenty-seven reported odour events, in which geosmin and/or MIB have 

been identified as the causative compound/s are listed in Table 2.2. Of the 27 events, 

21 have identified or isolated the suspected causative organism, however , these 

suspected organisms were not always verified as the causative organism. Taste and 

odour events involving geosmin and/or MIB have occurred in the USA, Canada, 

Japan, China, Egypt, Germany, British Isles, Switzerland, Netherlands, Norway, Italy 

and Australia (Table 2.2). 
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Table 2.2 Studies of geosmin and MIB in source waters   

Place Odour  Source Reference 

USA    

Castaic Lake, California M Pseudanabaena Izaguirre & Taylor, 1998 

Cheney Reservoir, Kansas G & M Not Identified Smith et al., 2002 

Lake Perris, California G Anabaena Sklenar & Horne, 1999 

Lake Mathews, California M Phormidium Izaguirre, 1992 

Kansas G Not Identified Dzialowski et al., 2009 

    

Canada    

Buffalo Pound Lake G Cyanobacteria Slater & Blok, 1983 

Lake Ontario G Phytoplankton Howell et al., 2002 

Nth Saskatchewan River G & M Actinobacteria Jensen et al., 1994 

Cedar lake, Manitoba G & M Not identified Yurkowski & Tabachek, 1980 

British Columbia,  G Not identified Davies et al., 2004 

    

Japan    

Toshima Island, Tokyo G Oscillatoria Matsumoto & Tsuchiya, 1988 

Lake Kasumigauru G Phormidium tenue Sugiura et al., 1998; Sugiura & 

Nakano, 2000 

Lake Biwa G  & M Anabaena 

macrospora 

Yagi, 1988; Negoro et al., 1988 

    

China    

Xionghe Reservoir G Streptomyces Zuo et al., 2010 

Yanghe Reservoir G Anabaena Li et al., 2010 

Gonghu Bay G & M Not identified Chen et al., 2010 

    

Egypt    

Lake Taba,  G & M Cyanobacteria Badawy et al., 1999 

    

European Countries    

Lake Constance, Germany G Actinobacteria Henatsch & Juttner, 1986 

Wahnbach Reservoir, Germany G Cyanobacteria Jahnichen et al., 2011 

Longridge, British Isles  G Streptomyces 

albidoflavus 

Wood et al., 1985 

Lake Zurich, Switzerland G & M Not identified Durrer et al., 1999; Peter et al., 

2009 

Netherlands G & M Cyanobacteria Van Breemen et al., 1992 

Norway V Cyanobacteria Berglind et al., 1983 

River Arno, Florence, Italy G & M Cyanobacteria and 

Actinobacteria 

Lanciotti et al., 2003 

    

Australia    

Murrumbidgee River and  

Carcoar Dam NSW 

G Anabaena Jones & Korth, 1995; Bowmer et 

al., 1992 

Murray River, SA G & M Oscillatoria & 

Anabaena 

Hayes & D., 1989 

G=Geosmin, M=2-Methylisoborneol, V=Various off-flavours 
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Surprisingly there are very few documented reports of taste and odour events 

involving geosmin and MIB in Australia, even though it is well known in the 

Australian drinking water industry that these events occur frequently and are 

particularly problematic (Table 2.2). For some time, the focus of geosmin and MIB 

research in Australia has been in regards to the treatment and removal of these 

compounds with activated carbon, (Cook et al., 2001; Newcombe & Drikas, 1993; 

Newcombe et al., 1996; Newcombe et al., 1997; Newcombe & Cook, 2002; 

Newcombe et al., 2002), ozonation (Ho et al., 2002) and biological sand filtration 

(Ho et al., 2007). More recently, research has been focussed on identifying 

organisms involved in the biodegradation of geosmin (Hoefel et al., 2009) and on the 

isolation and characterisation of genes involved in the biosynthesis of geosmin and 

MIB in cyanobacteria (Giglio et al., 2008; Giglio et al., 2011) 

2.4  Geosmin and 2-methylisoborneol-producing microorganisms 

2.4.1  The cyanobacteria 

Cyanobacteria are photosynthetic prokaryotes that synthesize chlorophyll a and 

phycobillin pigments; they occupy a wide variety of habitats but are ubiquitous in 

lakes and ponds (Whitton, 1992). They are noted for their abilities to tolerate high 

temperatures, high UV irradiation and desiccation, to fix N2 and to grow in 

conditions of low light and CO2 (Whitton, 1992). Many cyanobacteria contain gas 

vesicles that give them buoyancy and facilitate vertical movement through the water 

column and some can grow heterotrophically (Whitton, 1992). Cyanobacterial 

blooms may occur where high concentrations of dissolved organic matter are present, 

therefore, often occurring in eutrophic lakes, dams and rivers (Whitton, 1992; Wood 

et al., 2001). Under optimal conditions, cyanobacteria produce many substances 

including toxins and odour compounds. Blooms are often associated with 
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earthy/musty odours due to the cyanobacterial production of geosmin and/or MIB 

(Wood et al., 2001). 

 

Geosmin was shown to be produced in cultures of Symploca muscorum in 1967 

(Safferman et al., 1967) and Oscillatoria tenuis in 1968 (Medsker et al., 1968). Since 

then, geosmin and/or MIB have been identified as metabolites of various species of 

Anabaena (Aoyama et al., 1991; Blevins et al., 1995; Bowmer et al., 1992; Izaguirre 

et al., 1982; Saadoun et al., 2001a; Saadoun et al., 2001b; Velzeboer et al., 1995; Wu 

et al., 1991), Psuedanabaena (Izaguirre & Taylor, 1998; Izaguirre et al., 1999), 

Lyngbya (Bowmer et al., 1992; Rosen et al., 1992; Tabachek & M., 1976), 

Aphanizomenon (Tsuchiya & Matsumoto, 1988), Phormidium (Izaguirre, 1992; 

Negoro et al., 1988; Yagi, 1988) Synechococcus, Nostoc, Planktothrix, Microcoleus, 

Leptolyngbya and Hyella (Izaguirre & Taylor, 2004).  

 

It is questioned whether geosmin and MIB, produced by actively growing 

cyanobacteria cells in the water column, are released into the surrounding water or 

retained within the cells. Research by Chow et al (1999) indicates that the 

compounds are often retained within the cell and released upon cell death and 

subsequent lysis in the water body. In laboratory cultures it can be shown that the 

highest concentrations of geosmin and MIB are noted when the culture is in its 

stationary or dying phase when breakdown of cellular membranes occurs (Bowmer et 

al., 1992; Hu et al., 2001; Hu, 1994; Hu & Chiang, 1996). This finding is particularly 

significant for water treatment processes where the aim should be to remove whole 

cyanobacterial cells (Bowmer et al., 1992; Chow et al., 1998; Chow et al., 1999) and 
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prevent cell lysis leading to the additional release of geosmin and MIB into the 

water. 

2.4.2 Algae 

Reports implicating ‘algae’ in the production of earthy/musty odours date back as far 

as 1882 (Wood et al., 2001). It is difficult to assess if these reports refer to 

cyanobacteria rather than algae. Since the early 1980’s, when phylogenetic 

distinction between cyanobacteria and algae was determined using 16S RNA 

analysis, there appears to be no known pure culture studies of true ‘algae’ that 

produce geosmin and/or MIB (Wood et al., 2001). Confusion also arises with the use 

of the term ‘blue-green algae’. Blue-green algae are cyanobacteria, not algae, but in 

the past this term has been used to describe odour-producing cyanobacteria in the 

water column (Badawy et al., 1999; Briley & Knappe, 2002; Hoson et al., 1995; 

Ikawa et al., 2001; Juttner, 1983; Juttner, 1984; Miwa & K., 1988; Sugiura et al., 

1986; Tsuchiya & Matsumoto, 1988).  

2.4.3  Fungi 

Fungi are chemoheterotrophic, aerobic or facultative aerobic, eukaryotic organisms 

that may be multicellular or unicellular (Csuros & Csuros, 1999). They are extremely 

diverse, produce many extracellular substances and are a prolific source of volatile 

odorous substances (Csuros & Csuros, 1999; Wood et al., 2001). They are common 

in soil and sediments, but not as prolific as bacteria and Actinobacteria (Csuros & 

Csuros, 1999). Geosmin has been identified as a metabolite of Penicillium sp. 

(Darriet et al., 2001; Dionigi, 1995; Dionigi & Champagne, 1995; Larsen & Frisvad, 

1994; Mattheis & Roberts, 1992; Nilsson et al., 1996) and Chaetomium globosum 

(Kikuchi et al., 1981). The influence of the fungal production of geosmin on water 

quality is not known and has not been researched. 
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2.4.4  The Actinobacteria 

Actinobacteria are one of the dominant phyla and are gram-positive bacteria with a 

high GC content in their DNA (Ventura et al., 2007). Some branching, filamentous 

Actinobacteria with a fungal-type morphology were originally classified under the 

older name of ‘Actinomycetes’ (Ventura et al., 2007). To this day, these 

Actinobacteria are often incorrectly referred to as ‘Actinomycetes’ in many 

references, particularly in the water industry. For consistency throughout this thesis, 

all references to ‘Actinomycetes’ in the literature will be referred to as 

Actinobacteria regardless of the terminology used in the article. 

 

Actinobacteria are widely distributed in the environment, mostly in soil, mud and 

sediments but are also found in freshwater, seawater and compost, they are also 

opportunistic pathogens in warm and cold-blooded animals (Csuros & Csuros, 1999; 

Locci, 1989; Romano & Safferman, 1963). Most Actinobacteria are mesophilic, 

chemo-organotrophs that grow optimally in aerobic conditions at a near neutral pH 

(Csuros & Csuros, 1999). Most Actinobacteria isolated from the environment are 

Streptomyces (Locci, 1989). Streptomyces produce extracellular enzymes that allow 

them to utilize many organic materials found in soils (Csuros & Csuros, 1999). They 

also produce significant secondary metabolites that include many commercial 

antibiotics such as streptomycin and tetracyclines (Csuros & Csuros, 1999) in 

addition to odour compounds such as geosmin and MIB (Romano & Safferman, 

1963). 

 

According to Romano and Safferman (1963), the association of Actinobacteria with 

earthy/muddy odours dates back to 1895 with the isolation of an organism that 

produced a strong earthy odour in culture. Gerber and Lechevalier (1965) were the 
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first to purify, identify and describe the substance responsible for earthy odours as 

geosmin, from cultures of Streptomyces griseus LP-16, using gas chromatography. 

Gerber (1968) went on to empirically characterise geosmin and then later also 

identify MIB as another odour substance (Gerber, 1969).  

 

Although it is now well documented that Actinobacteria produce geosmin and MIB 

(Gerber & Lechevalier, 1965; Gerber, 1979; Issatchenko & Egorova, 1944; 

Jachymova et al., 2002; Scholler et al., 2002; Silvey & Roach, 1956), it is difficult to 

determine whether they may be the causative organism for odours in the water 

column and drinking water distribution systems. This is mainly due to the fact that 

relatively few Actinobacteria have been isolated from the water column (Wood et al., 

2001) and no one has investigated their role in biofilms in distribution systems. 

Many researchers have taken the approach that the causative organisms for the 

odours should be found within the water column and therefore do not look further 

than water samples for the causative organisms (Aoyama, 1990; Burger & Thomas, 

1934; Gerber, 1983; Howell et al., 2002; Issatchenko & Egorova, 1944; Jensen et al., 

1994; Persson, 1982; Schrader & Blevins, 1993; Tsuchiya et al., 1978; Watson et al., 

2001; Wnorowski, 1992; Wood et al., 1985). Additionally, many researchers believe 

that the numbers of the ‘offending’ organism should correlate readily with the 

intensity of the odour in the water column (Howell et al., 2002; Jensen et al., 1994; 

Lind & Katzif, 1988; Persson, 1979; Wnorowski & Scott, 1992). The population 

dominating an ecosystem at the time of an event has been assumed to be the culprits. 

With this approach, researchers could overlook Actinobacteria found in the 

sediments and soils of the water catchment as the potential causative organism and 
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also dismiss Actinobacteria found within the water samples as the source of the 

odour due to lack of correlation of numbers. 

 

Some researchers have attempted to correlate the number of Actinobacteria in the 

water column with the occurrence of odours (Howell et al., 2002; Jensen et al., 1994; 

Lind & Katzif, 1988; Persson, 1979; Wnorowski & Scott, 1992). For most cases, no 

clear correlation was observed. Wood et al. (2001) suggested that most 

Actinobacteria isolated from waters are more likely to be soil microbes washed in 

from surrounding terrestrial environments rather than true ‘aquatic’ organisms. This 

supports other findings that large numbers of geosmin and MIB-producing 

Actinobacteria isolated from river waters during an odour event corresponded with 

the spring run-off and increased flow into the river (Jensen et al., 1994). However, 

the role of these isolates in contributing to odour events has never been determined. 

 

Jensen and co-workers’ (1994) findings may also support the postulation that the 

causative organisms of odours in water columns may be the Actinobacteria growing 

in the soils and sediments surrounding the water column. Also, several researchers 

have isolated geosmin-producing and/or MIB-producing Actinobacteria from 

sediments of lakes and ponds during odour events (Kikuchi et al., 1973; Schrader & 

Blevins, 1993; Tsuchiya et al., 1978). However, without suitable tools for measuring 

in situ geosmin and MIB production, the role of these isolates in the odour event 

could not be determined conclusively. Wood et al. (1983, 1985, & 2001) argues that 

although the potential for growth of Actinobacteria in sediments exist, the prevailing 

conditions such as low temperature and oxygen levels and high nutrient levels are 

likely to be limiting growth factors. It should be noted that Wood’s research was 
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completed in British reservoirs. Temperature and nutrient levels in Australian water 

catchment areas may differ significantly. It is also important to note that geosmin and 

MIB are very volatile compounds that dissipate readily in water and therefore, 

Actinobacteria inhabiting from the sediments and soils of reservoirs, dams and 

holding tanks, both in the catchment area and potable water distribution systems 

should not be discounted as the potential source of the odours in water.  

2.5  Metabolic pathways of geosmin and MIB production 

Bentley and Meganathan (1981) were the first to investigate the biosynthetic 

pathways of geosmin and MIB metabolism using radio-gas chromatography. They 

proposed that both geosmin and MIB were synthesised through an isoprenoid 

pathway (also known as the terpenoid or mevalonate pathway) with MIB having a 

monoterpene precursor, geranyl pyrophosphate (GPP) and geosmin a sesquiterpene 

precursor, farnesyl pyrophosphate (FPP) (Figure 2.1). Their studies were based on 

cultures of several species of Streptomyces. Subsequent studies also confirmed the 

same pathway for cyanobacteria (Naes et al., 1989; Zimba et al., 1999).  

 

Several researchers have proposed theoretical pathways for the transformation of 

geosmin and MIB from their terpene precursors (Pollak & Berger, 1996; Spiteller et 

al., 2002). Cane and Watt (2003) and Gust et al (2003) identified an enzyme, a 

germacradienol synthase (Cyc 2 protein), from Streptomyces coelicolor needed for 

the biosynthesis of geosmin. The full length Cyc 2 protein and in particular its N-

terminal domain catalyse the cyclization of Farnesyl-PP after the capture of a tertiary 

carbocation intermediate, by H2O and allylic transposition of the 2,3 double bond. 

They proposed that after cyclization, at least 3 additional enzymes would be required 

to create a geosmin molecule; a cyclase, a reductase and a hydroxylase. However, 
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more recent research with Streptomyces coelicolor has revealed that the 

germacradienol synthase is a multifunctional enzyme with the N and C-terminal 

domain each harbouring a distinct, functional active site (Jiang et al., 2006; Jiang & 

Cane, 2007; Jiang et al., 2007). The N-terminal is responsible for catalyzing the 

cyclization of FPP to germacradienol and the C-terminal catalyses the conversion of 

germacradienol to geosmin. Further research has also demonstrated that a single 

geosmin synthase enzyme is also responsible for the cyclization of FPP to geosmin in 

Nostoc punctiforme PCC 73102, a model cyanobacterium (Giglio et al., 2008). These 

researchers have also developed a rapid PCR assay that may be useful for the 

detection of geosmin-producing cyanobacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic representation of the isoprenoid pathway indicating synthesis 

of geosmin and MIB and the relationship of this pathway with Chlorophyll a 

production and the synthesis of carotenoids. Modified from (Gust et al., 2003; Naes 

et al., 1989; Zimba et al., 1999). 
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The identification of the mode of biosynthesis of 2-methylisoborneol from GPP in 

Streptomyces was simultaneously reported in 2008 by different researchers (Komatsu 

et al., 2008; Wang & Cane, 2008). Both researchers reported a 2 step process 

involving methylation of GPP with a GPP methyltransferase then  cyclization with 

MIB synthase. A similar 2 step pathway has since been reported for cyanobacteria 

(Giglio et al., 2011). 

2.5.1  The correlation of geosmin and MIB production with photo-pigments  

As shown in Figure 2.1, the isoprenoid pathway is also involved in the synthesis of 

chlorophyll a and other pigments such as carotenoids. Direct links in the production 

of geosmin or MIB with the production of chlorophyll a or pigments in 

microorganisms have been demonstrated in pure culture studies (Blevins et al., 1995; 

Naes & Post, 1988; Saadoun et al., 2001b; Tsuchiya & Matsumoto, 1988). For 

example, in cultures of Oscillatoria brevis, geosmin production was increased when 

the production of carotenoids was halted by a chemical inhibitor (Naes & Post, 1988; 

Utkilen, 1989). This suggests that isoprenoid precursors may be directed to geosmin 

production during periods of low demand for pigment precursors.  

 

Other studies have shown a direct correlation with geosmin production and synthesis 

of chlorophyll a over an extreme range of light conditions in Anabaena circinalis 

(Bowmer et al., 1992), during nutrient limitation in Oscillatoria brevis (Naes et al., 

1988; Utkilen & M., 1992) and during exponential growth phase in Anabaena 

circinalis (Rosen et al., 1992). In contrast, Blevins et al. (1995) found that increasing 

light intensity resulted in increased geosmin production with a corresponding 

decrease in chlorophyll a production in cultures of an Anabaena species. 
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A link with pigment production and the synthesis of MIB has been demonstrated in   

cultures of Pseudanabaena articulate (Zimba et al., 1999). MIB production and 

pigment production was correlated under varying light conditions. Zimba et al. 

(1999) suggest that MIB production reflects overall carbon accumulation resulting 

from increased cell metabolism rather than being an ‘overflow’ product of the 

isoprenoid pathway. 

2.6  Factors affecting microbial production of geosmin and MIB  

The microbial production of geosmin and MIB in laboratory cultures of various 

cyanobacteria and Actinobacteria can be affected by numerous factors. These include 

physical conditions such as temperature and oxygen levels (Blevins et al., 1995; 

Sunesson et al., 1997) and nutritional requirements such as carbon, nitrogen and 

phosphorus levels (Blevins et al., 1995; Rashash et al., 1995; Saadoun et al., 2001b). 

A summary of the effects of various factors is presented in Table 2.3. 
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Table 2.3 Studies of the effect of various factors on the production of geosmin and/or MIB in microorganisms 

Factor 

 

Organism Effect Reference 

O2  Streptomyces albidoflavus 

 

Production of G & M decreased when exposed to high concentration of O2 in air Sunesson et al., 1997 

CO2 Streptomyces albidoflavus 

 

Production of G & M decreased when exposed to high concentration of CO2 in air Sunesson et al., 1997 

Temperature Streptomyces albidoflavus 

Streptomyces halstedii 

Anabaena sp. 

Oscillatoria Chalybea 

 

No G produced below 10
o
C, G production increased as temp increased to 30

o
C 

Optimal G production occurred at 35
o
C 

G production decreased while Chl a increased at temp from 20
o
C to 25

o
C  

Maximum M production occurred when grown at 28
o
C with continuous light 

Sunesson et al., 1997 

Blevins et al., 1995 

Saadoun et al., 2001b 

Van der Ploeg et al., 1995 

Light Anabaena sp. 

Anabaena sp. 

Oscillatoria granulate 

Phormidium calcicola 

Oscillatoria chalybea 

Increasing light intensity favoured increased G production 

Increasing light intensity favoured increased G production 

Optimal G & M production with light at 1000 lux compared to 500 & 2000 lux 

Increased M production at high light intensity 

Increased M production at high light intensity 

Blevins et al., 1995 

Saadoun et al., 2001b 

Tsuchiya & Matsumoto,1999 

Rashash et al., 1995 

Van der Ploeg et al., 1995 

 

Nitrogen Anabaena sp. 

Anabaena laxa 

Phormidium calcicola 

Streptomytces halstedii. 

 

Low nitrate (123.5 g/L) favoured maximum G production 

Maximum G production occurred with increasing nitrate levels 

M production highest during low nitrogen conditions 

low concentrations of nitrate and ammonium-nitrogen favoured G production 

Saadoun et al., 2001b 

Rashash et al., 1995 

Rashash et al., 1995 

Blevins et al., 1995 

Phosphorus Anabaena laxa 

Streptomyces halstedii 

G production increased during low phosphorus conditions  

Increasing phosphorus concentrations enhanced G production  

 

Rashash et al., 1995 

Schrader & Blevins, 2001 

Copper Anabaena sp  

Streptomyces halstedii 

No G detected when copper at or above 6.92 μg/L was present in the growth media 

Increasing copper concentration inhibited biomass and G production 

  

Saadoun et al., 2001b  

Schrader & Blevins, 2001 

Zinc Streptomyces halstedii Increasing zinc concentrations promoted biomass production while inhibiting G 

production  

Schrader & Blevins, 2001 

Iron Streptomyces halstedii Increasing iron concentrations inhibited both G and biomass production 

 

Schrader & Blevins, 2001 
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Factor 

 

Organism Effect Reference 

Other 

organisms 

Anabaena Macrospora 

Anabaena Macrospora 

Anabaena Macrospora 

Increased G production when 3 Alcaligenes species added to cultures 

Increased G production when a Moraxella species added to cultures 

No effect on G production when a Micrococcus species added to culture  

 

Aoyama et al., 1995 

Aoyama et al., 1995 

Aoyama et al., 1991 

Other 

Factors 

Maltose 

Mannitol 

Galactose 

Mevalonic- 

lactone 

Pyruvate 

Geraniol 

Farnesol 

 

 

Streptomyces halstedii 

Streptomyces halstedii 

Streptomyces halstedii 

Phormidium sp. LM689 

 

Phormidium sp. LM689 

Phormidium sp. LM689 

Phormidium sp. LM689  

 

Maltose as a sole carbon source promoted maximal growth not G production 

Mannitol as a sole carbon source promoted maximum geosmin production  

Galactose as a sole carbon source yielded highest geosmin/biomass values 

Increased growth and M production 

 

Increased growth and M production  

Increased growth and M production  

Appeared to have an antibiotic effect, inhibiting growth and M production. 

 

 

Schrader & Blevins, 2001 

Schrader & Blevins, 2001 

Schrader & Blevins, 2001 

Zimmerman et al., 1995 

 

Zimmerman et al., 1995 

Zimmerman et al., 1995 

Zimmerman et al., 1995 

 

G = Geosmin, M = 2-methylisoborneol.
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 2.7  Water treatment approaches for removing taste and odour compounds 

Although not known to be toxic to humans, geosmin and MIB are particularly 

problematic for the potable water industry due to their extremely low odour threshold 

concentrations and the inability to be effectively removed by conventional water 

treatment such as flocculation, filtration and chlorination (Cook et al., 2001). Instead, 

water utilities are forced to consider alternative or additional treatment technology such 

as powdered activated carbon (PAC) (Bruce et al., 2002; Cook et al., 1998), or granular 

activated carbon (GAC) (Pirbazari et al 1993; Lalezary et al 1986) to reduce or remove 

geosmin and MIB. More recently, research into the effectiveness of other treatment 

technologies has been undertaken including: ozone (Schrader et al., 2010); UV 

irradiation (Kutschera et al., 2009) (Meunier et al., 2006); ultrasound (Song & O'Shea, 

2007); and biofiltration (Ho et al., 2007). A comprehensive review of all treatment 

technologies for geosmin and MIB has recently been published with the authors 

concluding that some technologies are more effective than others (Srinivasan & Sorial, 

2011). However, further optimisation of these technologies is required before water 

treatment plants can be retrofitted in a manner that is cost effective with minimal impact 

on operational activities. 

2.7.1  Studies on the effects of treatment chemicals 

It is well documented that cyanobacteria can retain geosmin and MIB intracellularly 

(Hu et al., 2001; Jahnichen et al., 2011) and subsequently be released if the treatment 

process causes cell damage and lysis. The aim of the treatment process should be to 

remove whole undamaged cells if possible to ensure the aesthetic quality of the water is 

not compromised further, particularly if further treatment to remove taste and odour 

compounds is not available. Studies measuring the effects of treatment chemicals on 

odour-producing organisms are summarised in Table 2.4. 
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Table 2.4 The effect of treatment chemicals on organisms     

Treatment 

Chemical 

Organism Effect Reference 

Ferric 

chloride 

Aphanizomenon flos-aquae No cell membrane damage 

 

Peterson et al., 1995 

 Anabaena circinalis 

Microcystic aeruginosa 

No cell membrane damage 

Stimulated growth 

Chow et al., 1998 

    

Aluminium 

sulphate 

Aphanizomenon flos-aquae No cell membrane damage Peterson et al., 1995 

 Anabaena circinalis No cell membrane damage Velzeboer et al., 1995 

    

Calcium 

hydroxide 

Aphanizomenon flos-aquae Physiological toxicity, cell 

membrane damage and 

release of geosmin & DOC 

Peterson et al., 1995 

    

Hydrogen 

peroxide 

Aphanizomenon flos-aquae Physiological toxicity, cell 

membrane damage and 

release of geosmin & DOC 

Peterson et al., 1995 

    

Chlorine Aphanizomenon flos-aquae Physiological toxicity, cell 

membrane damage and 

release of geosmin & DOC 

Peterson et al., 1995 

    

Potassium 

permanganate 

Aphanizomenon flos-aquae Physiological toxicity, cell 

membrane damage and 

release of geosmin & DOC 

Peterson et al., 1995 

    

Copper 

sulphate 

Aphanizomenon flos-aquae Physiological toxicity, cell 

membrane damage and 

release of geosmin & DOC 

Peterson et al., 1995 

    

 Streptomyces Tendae 

Streptomyces albidoflavus 

Penicillum expansum 

Increased biomass and 

geosmin accumulation 

Dionigi, 1995 

 

 

Copper sulphate (an algicide) had been touted as a successful mechanism to treat algal 

blooms in water sources (Perschbacher et al., 1996) due to its ability to cause cell lysis. 

However, Dionigi et al (1995) demonstrated increased biomass and geosmin production 

in Streptomyces tendae, Streptomyces albidoflavus and Penicillum expansum when 

exposed to copper sulphate, indicating that application of copper sulphate to aquatic 

systems may contribute to geosmin biosynthesis (Table 2.4).  
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2.8  Potential sources of geosmin & MIB post treatment  

Most off-flavours, due to microbial activity, originate in the water catchment and bulk 

storage areas of water distribution systems (Wood et al., 2001). However, it is important 

to consider that microbial growth may occur after treatment, within the pipes of the 

distribution system, within the water storage containers or within the domestic 

plumbing systems. It is well documented that microbial growth occurs within biofilms 

on surfaces of pipes within water distribution systems (Hallam et al., 2001; Herson et 

al., 1991), however the association of biofilm-related microorganisms with the 

production of geosmin and MIB in the distribution system has not been reported. It 

should be noted that Actinobacteria have been shown to survive conventional water 

treatment and disinfection (Niemi et al., 1982). Therefore, the potential exists for 

geosmin and MIB-producing organisms to grow within the distributions system and 

contribute to the reduction of the organoleptic quality of the water. 

2.9  Predictive tools 

Most taste and odour events appear to occur seasonally rather than be sustained 

throughout the year. Development of tools to predict taste and odour events would assist 

water utilities in the management of these (Srinivasan & Sorial, 2011). There have been 

several attempts to develop predictive tools based on water quality criteria and 

environmental parameters with limited success (Dzialowski et al., 2009; Smith et al., 

2002; Watson et al., 2007).  

 

Smith et al. (2002) observed good correlation between the concentration of geosmin and 

MIB to concentration of cyanobacteria and chlorophyll a, concluding that the trophic 

state of the reservoir, particularly the concentration of chlorophyll a was a good 

predictor of geosmin and MIB. Dzialowski et al. (2009) found that the trophic state of 



24 

the reservoir alone was not sufficient to predict taste and odour events and found growth 

limitation by inorganic phosphorus to be the primary determinant for predicting 

geosmin concentration. His study revealed evidence that contradicted the findings of 

Smith and co-workers in that the highest average geosmin concentration was observed 

in the reservoir with the lowest nutrient and chlorophyll a concentrations. Similar 

findings were observed in Lake Ontario, where significant increases in geosmin 

concentration over an eight year period corresponded with no increases in nutrient or 

chlorophyll levels (Watson et al., 2007). This suggests that nutrient limiting conditions 

may be implicated in the production of geosmin. 

 

These studies highlight that the environmental and physiological factors contributing to 

the microbial production of geosmin and MIB in water bodies is complex and not fully 

understood. 

 

2.10  Gaps in knowledge 

Geosmin and MIB cause problems for the water industry worldwide and have been the 

subject of a substantial body of research resulting in hundreds of published scientific 

articles. Although significant advances in understanding the metabolic production of 

these secondary metabolites has occurred in the last few years, factors influencing the 

prediction and control of geosmin and MIB remains poorly understood. The research 

presented in this thesis attempts to elucidate some ecological factors that may influence 

the production of geosmin and MIB and thereby contribute to the body of knowledge.  

 

 



25 

Chapter 3 – Field Study 1 - Presence, perseverance and sources of 

geosmin and MIB in the Hinze Dam 

3.1  Introduction 

The Gold Coast region experienced a prolonged dry period from 2001 to early 2003 

resulting in significant reductions in water levels in storage dams. During this time, taste 

and odour events were particularly severe and unpredictable and were apparently not 

associated with cyanobacterial blooms as previously experienced in the Hinze Dam 

(Hamilton, G. 2003, pers. comm., 23 March). Gold Coast Water supported this field 

study to gain a better understanding of the source, presence and perseverance of 

geosmin and MIB within the Hinze Dam and to explore potential environmental triggers 

for the production of geosmin and MIB. This field study was conducted over a 13-

month period and commenced in July 2004. 

 

3.2  Aims 

The specific aims of this study were to investigate the following: 

 presence and perseverance of geosmin and MIB in the Hinze Dam;  

 potential microbial sources of geosmin and MIB in the Hinze Dam; 

 potential environmental triggers for the production of geosmin and MIB in the 

Hinze Dam. 

 

Field study one was divided into two separate but related investigations that were 

conducted concurrently:  

 Investigation one - monthly depth study at inlet tower of Hinze dam conducted over 

13 months; and 

 Investigation two - intensive study of surface waters at Hinze dam conducted over 

13 months that included weekly sampling during and after a taste and odour event. 
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3.3  Materials and methods 

3.3.1  Sampling sites and sampling processes 

The Hinze Dam (Lat. 28
o
04’81”, Long. 158

o
28’75”) is located in the Gold Coast 

hinterland, Queensland, Australia (Figure 3.1). In 2004, it had a capacity of 161,070 

ML, a surface area of 972 hectares and a catchment area of 207 square kilometres, 

comprised mainly of native bushland (77%) and pastureland (15%) (Gold Coast City 

Council, 2005). In 2004, the Hinze Dam was the primary source of water supply for the 

Gold Coast region supplying an average of 169ML of water per day (Gold Coast City 

Council, 2005). The Gold Coast is a world-renowned tourist destination and one of the 

fastest growing urban regions in Australia, placing heavy demands on water supplies.  

 

Monitoring conducted by Gold Coast Water, showed the dam is thermally stratified 

throughout most of the year with turnover occurring in winter, usually in July. While 

stratified, the epilimnion is mesotrophic to oligotrophic and the hypolimnium is anoxic. 

The thermocline occurs between 9m and 15m below the surface. 

 

The focus of this study was at the inlet tower to the drinking water treatment plant, 

approximately 50 metres from the wall of the Hinze Dam (Figure 3.2). Although the 

data gathered in this survey was not representative of the entire dam, it was useful for 

water treatment management. Gold Coast Water continually assessed water quality at 

this site and management decisions for water treatment were based on this assessment. 

When the dam was at full capacity (100%), the depth of the water at the inlet tower was 

approximately 40 metres. Dam capacity throughout this study ranged from 63.25% to 

85.16%, equivalent to a depth of approximately 32.1 to 36.6 metres.  
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Figure 3.1 Map of study site showing location of Hinze Dam, Waterfall Creek and Nerang River 
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Figure 3.2 Schematic diagram of sampling location for Hinze Dam 

 

Due to stratification, the investigation into water quality was undertaken with two 

separate, but related, profiles. The first investigation was focussed on the depth profile 

at the inlet tower with samples taken at three metre intervals from the surface to 24 

metres. Samples were taken on a monthly basis from 14
th

 July 2004 until 6
th

 July 2005. 

These were collected at each depth on 13 occasions with the final sample being 

collected within 12 hours of turnover (destratification) of the dam. 

 

The second investigation was more intensive and focussed on the upper layers of waters 

above the thermocline. This is because there is no mixing of surface waters with the 

deeper layers throughout most of the year and that water for potable treatment was only 

drawn off above the thermocline. The upper layer had a low turbidity throughout the 

year with readings ranging from 1.1 to 3.6 NTU. 
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Sampling of the upper layer also took place over a twelve-month period from 14
th

 July 

2004 until 6
th

 July 2005. Monthly sampling was undertaken during winter and spring, 

from July until 1
st
 December 2004. Weekly sampling commenced in early December 

(beginning of Summer), which coincided with a significant taste and odour event. 

Samples were collected on 34 occasions. At each sampling time, one composite surface 

sample was prepared by mixing equal volumes of water collected from the following 

depths, 0.3m, 3m and 6m.  

 

In addition to the regular sampling mentioned above, two additional sampling events 

were undertaken. The purpose of the additional sampling was to gain a better 

understanding of the impact of inflow into the Hinze dam during a rain event. The 

sampling took place on 9
th

 March 2005, in dry weather and on 29
th

 June 2005, in wet 

weather. There was no recorded rainfall in the 14 days prior to 9
th

 March 2005 and there 

was 73.2mm rainfall in the 24 hours prior to sampling on 29
th

 June 2005. The sampling 

was undertaken at the Nerang River (Lat. 28
o
06’29”, Long. 153

o
14’34”) and at 

Waterfall Creek (Lat. 28
o
06’37”, Long. 153

o
14’37”), which flow into the Hinze Dam 

(Figure 3.1). 

 

All samples were collected by Gold Coast City Council Scientific Services using 

standard collection methods (APHA, 1998) with assistance from the lead researcher. 

 

3.3.2  Analysis 

3.3.2.1 Parameters measured 

The various physical, environmental and physico-chemical parameters measured for 

each of the sample types taken (as described in section 3.3.1) are listed in Table 3.1 

along with the laboratory in which the analysis was performed.  
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Table 3.1 Biological and physico-chemical parameters measured in the various sample 

types 

 

Dam -

Depth 

Profile 

Dam -

Surface 

Profile 

Dam  W.C 

& 

N.R. 

Laboratory 

Total Bacteria Counts (per mL) Y   Y GU 

Total Bacteria Counts (% Live/Dead) Y   Y GU 

No. of Actinomycetes (cfu/100ml) Y* Y*  Y GU 

Total Algal No’s (Cells/mL)  Y   GCCCSS 

Anabaena No's (Cells/mL)  Y   GCCCSS 

Geosmin (ng/L) Y Y  Y GU 

MIB (ng/L) Y Y  Y GU 

Redox Potential (mV) Y    GCCCSS 

Temperature Y    GCCCSS 

Turbidity (NTU) Y    GCCCSS 

pH Y    GCCCSS 

Apparent Colour (HU) Y    GCCCSS 

True Colour (HU) Y    GCCCSS 

Ammonia Nitrogen (mg/L) Y Y   GCCCSS 

Oxidised Nitrogen-Filterable (mg/L) Y Y   GCCCSS 

Orthophosphate (mg/L) Y Y   GCCCSS 

Total Nitrogen (mg/L)  Y Y   GCCCSS 

Total Phosphorus (mg/L) Y Y   GCCCSS 

DO (mg/L) Y    GCCCSS 

Iron Filterable (mg/L)  Y    GCCCSS 

Iron Total (mg/L) Y    GCCCSS 

Manganese Filterable (mg/L) Y    GCCCSS 

Manganese Total (mg/L) Y    GCCCSS 

Total Organic Carbon (mg/L) Y    GU 

Total Inorganic Carbon (mg/L) Y    GU 

Total Carbon (mg/L) Y    GU 

Rainfall (mm per week)   Y  GCCCSS 

Dam Capacity (%)   Y  GCCCSS 

Y= Parameter is measured for this sample type. * Indicates not all samples measured for this parameter. GU = Griffith University. 
GCCCSS = Gold Coast City Council Scientific Services, W.C. = Waterfall Creek, N.R. = Nerang River 
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Analysis for 21 parameters was undertaken by Gold Coast City Council Scientific 

Services using standard methods (APHA, 1998) in laboratories accredited for all of 

these methods by the National Association of Testing Authorities (NATA). During the 

sampling period, water temperature, weekly rainfall and dam capacity were recorded. 

Rainfall was measured at the dam wall and the total weekly rainfall was recorded for 

this survey. In this catchment area, rainfall did not necessarily reflect inflow into the 

dam; therefore, dam volume was also recorded as a percentage of total dam storage 

capacity. Gold Coast Water calculated this measurement daily and the data was kindly 

provided for this study.  

 

3.3.2.2  Algal counts 

Algal counts were performed by Gold Coast City Council Scientific Services using the 

Sedgewick-Rafter method that has been previously described (Shaw and Smith 2000). 

The numbers of problematic cyanobacteria, such as Anabaena sp. and Microcystis sp. 

were recorded along with total algal cells counts. In recent years, Hinze Dam has 

experienced several surface cyanobacterial blooms, with Anabaena sp. being the 

organism most often recorded. To a lesser extent, Microcystis aeruginosa has also been 

associated with surface blooms, however they were not problematic during the sampling 

period. Benthic cyanobacteria are also not problematic at the sampling site and, due to 

stratification, would not influence geosmin/MIB concentrations in the surface waters. 

Therefore, only total algal counts and Anabaena counts were recorded for this study. 

 

3.3.2.3 Bacterial counts 

The following epifluorescent microscopy method was used to enumerate total bacterial 

cell numbers as well as differentiate between dead or dying cells and living cells. Two 

fluorescent dyes were used, propidium iodide (PI) and SYBR
®

-green 1 (Molecular 
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Probes). Both dyes fluoresce upon binding to nucleic acid. SYBR
®
-green 1 is 

membrane permeable and binds to the minor groove of double stranded DNA but PI is 

membrane impermeable and intercalates between the bases. Propidium iodide can only 

enter the cells of bacteria with compromised membranes. When bound to DNA and 

upon appropriate excitation (480 to 520 nm), both dyes will give a very high 

fluorescence signal. SYBR-green 1 fluoresces ‘green’ while PI fluoresces ‘red’. 

Unbound dyes do not fluoresce resulting in a very low background signal. Under 

epifluorescence microscopy, it is easy to differentiate living cells, those fluorescing 

‘green’, to dead or dying cells, those fluorescing ‘red’ (refer to Molecular Probes - 

Product Information Sheet: 24/9/2003 - SYBR
®
 Green 1 Nucleic Acid Gel Stain). 

 

A 2 mM solution of propidium iodide was prepared in TE buffer (10mM Tris and 1mM 

EDTA, pH 8.0). SYBR
®
-green 1 concentrate was diluted 1:100 in TE buffer. 20 L of 

SYBR
®
-green 1 and 15 L of PI was added to 1mL of sample and incubated in the dark 

for 20 minutes. Samples were then filtered onto 0.2 m (pore size) black polycarbonate 

filters (Millipore GTBP) and rinsed twice with 1mL of sterile H2O, then allowed to dry. 

Dry filters were transferred to a glass slide. One drop of antifade mounting solution was 

placed on filter then cover slip applied. Pressure was applied to cover slip until all air 

was expressed from underneath. The slide was then stored frozen in the dark, for up to 

one week, until viewed under the epifluorescence microscope (Olympus BX60) using 

blue filters (U-MWB filter cube). Total live and dead counts were performed using a 

graticule fitted to the ocular of the microscope. The graticule was divided into 100 grid 

squares (10 X 10) and was calibrated to determine the total area of each square under 

the 100X objective used. Approximately 20 to 50 bacteria were counted in 20 random 

fields and colour of fluorescence was recorded. Percentage of live (fluorescing green) 
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and dead (fluorescing red) bacteria was calculated. The following equation was used to 

determine total cell numbers. 

N = B x (A/F) x (1/V) 

Where B = total number of bacteria counted, A = filtration 

area of filter (µm
2
), F= total area of fields counted (µm

2
) and 

V= volume of the sample (mL). 

 

3.3.2.4  Actinobacteria isolation and counts 

Actinobacteria were isolated using a membrane filtration method. The water sample was 

filtered onto 47mm x 0.45µm (pore size) cellulose acetate membrane filters (Sartorius) 

and then placed onto Actinomycete Isolation agar (Difco) containing 0.5% glycerol, and 

0.01% cycloheximide (Sigma). The plate was then incubated at 28
o
C for 4 days after 

which a visual check for the presence of aerial hyphae was undertaken. The hyphae of 

Actinobacteria penetrates the filter pores and grows on the agar medium. For further 

development of colonies, the membrane filter was removed and the plate was 

reincubated (1-8 weeks). If no hyphae were observed after 4 days, the plate was further 

incubated for another week and checked daily for growth. This method was used for 

both dam samples and treated water samples. A 50 mL sample was used for treated 

water and a 10mL sample was used for dam water. The number of actinobacteria 

colonies was counted on day four. Once growth was established, each colony was sub-

cultured and maintained on Actinomycete Isolation Agar (as described above). A Gram 

stain was performed on each culture and microscopic morphology of the cells recorded. 
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3.3.2.5  Geosmin and MIB   

Geosmin and MIB concentrations were measured with gas chromatography mass 

spectrometry (GCMS) using stir-bar sorptive extraction (SBSE) and thermal desorption 

as developed and described by Bauld et al. (2007). SBSE uses magnetic stir bars 

incorporated into a glass jacket and coated with polydimethylsiloxane (PDMS). The stir 

bar was placed into the sample and stirred for 45 minutes at 60°C to allow maximum 

adsorption of geosmin and MIB to the PDMS. The stir bar was then placed into a glass 

rod and transferred to a thermal desorption system (TDS) where the analytes were 

thermally released and delivered to the GC column. A HP-5MS column was used (30 m 

x 0.25 mm i.d. x 0.25 m film thickness). The column temperature was held at 50ºC for 

one minute and then heated to 250ºC at a rate of 30ºC/min where it was held for one 

minute. The analysis was carried out on a Hewlett Packard gas chromatograph 6890 

attached to a mass selective spectrometer (MS) 5973 (Agilent Technologies) equipped 

with a Gerstel TDS-2 thermodesorption system. The MS was operated in the Electron 

Ionization (EI) mode with a scan range of 30 to 300 m/z. In Selective Ion Monitoring 

(SIM) mode, ions 112 and 125 were monitored for geosmin and 95 and 108 for MIB 

with a dwell time of 400 ms per ion. Analytes were identified and quantified based on 

retention time and mass spectra of standards prepared from commercial geosmin and 2-

methylisoborneol concentrates (Supelco, USA). Limits of detection were 1.1 ng/L for 

geosmin and 4.2 ng/L for MIB. Standards (from 1ng/mL to 1mg/mL) were run to 

generate standard curves at the commencement of each session with the GCMS. 

3.3.2.6  Carbon 

Total carbon and total organic carbon was analysed with a Shimadzu Total Organic 

Carbon Analyser (TOCVCSH) with an ASI-V Shimadzu auto sampler using standard 

methods. Commercial standards were used to calibrate the instrument. 
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3.3.2.7  Data analysis 

Pearsons correlations were used to determine correlation between geosmin and MIB to 

all physico-chemical parameters and were performed using Graphpad PRISM
®
 (Version 

5.0a). The calculation of means and standard errors and production of graphs were 

performed on Graphpad PRISM
®
 (Version 5.0a) and/or Microsoft Excel

®
 2004 for Mac. 

Contour plots were created using Matlab R2010b. 

3.4  Results  

3.4.1  Investigation one – Hinze Dam depth profile 

3.4.1.1  Occurrence of geosmin in the dam 

All 117 samples taken over 13 months were analysed for geosmin using the method 

described in section 3.3.2.5. High concentrations of geosmin were observed in the upper 

levels of the dam between October and February peaking at 92.3 ng/L in the 0.3 metre 

sample taken in December. Geosmin was not detected in 16 of the 117 samples. The 

samples in which geosmin was not detected were generally collected in April, June and 

July 2005 and corresponded with low concentrations in geosmin in neighbouring 

samples. Figure 3.3 illustrates the concentration of geosmin through the depths of the 

dam over the 13-month period. 

3.4.1.2  Occurrence of 2-methylisoborneol (MIB) in dam 

All 117 samples taken over 13 months were analysed for MIB using the method 

described in section 3.3.2.5. The highest concentration of MIB was 17.2 ng/L and was 

measured in the 6 metre depth samples taken in September. MIB was detected in only 

30 of the 117 samples, including all samples from September 2004, June 2005, July 

2005 and in a few samples in February and March 2005. Figure 3.4 illustrates the 

concentration of MIB through the depths of the dam over the 13 month period.  
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Figure 3.3 Depth profile of geosmin concentration in Hinze Dam over 13 months 
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Figure 3.4 Depth profile of MIB concentration in Hinze Dam over 13 months 
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3.4.1.3  Physical parameters 

Temperature was measured in all 117 samples and ranged from 15.9
o
C to 28.9

o
C. The 

highest temperature was observed in the 0.3m sample taken in February 2005 and the 

lowest temperatures observed in 18m, 21m and 24m samples in August 2004 and the 

15m, 18m, 21m and 24m in September 2004 (Figure 3.5). Thermal stratification of 

the dam began in September (beginning of Spring) and destratification (turnover) 

occured in July during Winter. The mesolimnium occurs between 9m and 15m depth. 

 

Turbidity was measured in all 117 samples and ranged from 1.1 to 20 NTU. The 

lowest reading was observed in the 0.3m sample taken in September 2004 and the 

highest reading observed in the 12m sample taken in November 2004 (Figure 3.6). 

 

Dissolved oxygen was measured in all 117 samples and values ranged from 0.1 mg/L 

to 9.3 mg/L. The lowest value was observed in 2 samples, the 21m and the 24m 

samples taken in January 2005. The highest value was observed in the 0.3m sample 

taken in September 2004 (Figure 3.7). The hypolimnium became anoxic quite quickly 

in October and remained anoxic until destratification. 

 

Apparent colour and true colour was measured in all 117 samples and ranged from 23 

to 160 HU and 11 to 56 HU respectively. Lowest apparent colour reading was 

observed in 0.3m sample taken in February 2005 and the highest in 12m samples 

taken in November 2004. Lowest true colour reading was observed in 0.3m sample 

taken in May 2005 and the highest in the 24m samples taken in June 2005 (Figure 

3.8). The elevated true colour corresponds with the anoxic hypolimnion which 
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suggests that it may be due to reduced substances such as Fe(II) or Mn(II) (Figures 

3.6, 3.7 and 3.8). 

 

Redox potential was measured in all 117 samples and values ranged from -55 mV to 

604 mV. The lowest value was observed in the 21m and 24m samples taken in June 

2005. The highest value was observed in the 0.3m sample taken in August 2004. 

 

pH was measured in all 117 samples and ranged from 6.4 to 8.6. The lowest pH was 

observed in the 18m, 21m and 24m samples taken in April 2005. The highest pH was 

observed in 0.3m sample taken in December 2004. 

 

Statistical analysis of the correlation with geosmin and MIB numbers against physical 

parameters was performed. Moderate correlations were observed with geosmin and 

temperature (0.551; P=<0.0001) and geosmin and pH (0.480; P=<0.0001). Weak 

correlations were also observed with geosmin and dissolved oxygen (0.188: P=0.042) 

and MIB with dissolved oxygen (0.224; P=0.224) (Table 3.2). 
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Figure 3.5 Depth profile of temperature in Hinze Dam over 13 months 
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Figure 3.6 Depth profile of turbidity in Hinze Dam over 13 months 
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Figure 3.7 Depth profile of dissolved oxygen in Hinze Dam over 13 months 
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Figure 3.8 Depth profile of true colour in Hinze Dam over 13 months 
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Table 3.2 Correlation analyses of geosmin and MIB concentration with physico-

chemical parameters  

 

 

No. XY 

Pairs 

Pearson r P value  

(two-tailed) 

Significant

* 

Correlation with Geosmin     

Temperature 117 0.551 <0.0001 Yes 

Turbidity 117 -0.010 0.284 No 

Dissolved Oxygen 117 0.188 0.042 Yes 

Redox potential 117 0.042 0.649 No 

pH 117 0.480 <0.0001 Yes 

Apparent colour 117 -0.115 0.215 No 

True Colour 117 -0.074 0.429 No 

Correlation with MIB     

Temperature 117 -0.1584 0.088 No 

Turbidity 117 -0.0099 0.915 No 

Dissolved Oxygen 117 0.2242 0.015 Yes 

Redox potential 117 0.0767 0.411 No 

pH 117 0.1466 0.115 No 

Apparent colour 117 -0.0167 0.858 No 

True Colour 117 -0.1343 0.149 No 
* Is the correlation significant: alpha=0.05. 

 

3.4.1.4  Bacterial numbers 

Total bacterial numbers were calculated for all 117 samples taken over 13 months. 

Bacterial numbers ranged from 9.53 x 10
4
 per mL to 6.39 x 10

6 
 per mL. The highest 

number was measured in 6 metre depth sample taken in March 2005. The lowest 

number was measured in the 3m depth sample taken in July 2005.  

 

The percentage of live and dead cells was calculated for all 117 samples taken over 13 

months. The highest percentage of live cells of 95.9% was recorded at the 24 metre 

depth in May 2005 with the corresponding lowest percentage of dead cells (4.1%). 

Lowest percentage of live cells of 8.4% was recorded at 3 metre depth in September 

2004 with the corresponding highest percentage of dead cells (91.6%). 
 

 

Actinobacteria numbers were analysed in 99 of the 117 samples taken over 13 

months. Samples taken in July and August 2004 were not analysed for Actinobacteria 
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numbers. Actinobacteria could not be detected in 56 of the 99 samples. Of the 61 

samples in which Actinobacteria were detected, the numbers ranged from 10 

cells/100mL to 500 cells/100mL. The highest numbers were recorded in the 24 metre 

depth sample taken in June 2005. Distribution of Actinobacteria is shown in Figure 

3.9. 

 

Statistical analysis of the correlation with geosmin and MIB numbers against bacterial 

numbers, percentage of dead and live bacteria and actinobacteria numbers was 

performed as described in 3.3.2.7. Weak correlations were observed with geosmin and 

total bacterial numbers (0.186; P=0.044), MIB and total bacterial numbers (0.294; 

P=0.001), MIB and percentages of live and dead bacteria (-0.283; 0.283; P=0.002). 

No correlation was observed with geosmin or MIB to Actinobacteria numbers (Table 

3.3). 

 

Table 3.3 Statistical analysis of the correlation between geosmin and MIB 

concentration with bacterial numbers from all samples from all depths in the Hinze 

Dam 

 No. XY 

Pairs 

Pearson r P value  

(two-tailed) 

Significant* 

Correlation Analysis with Geosmin Concentration 

Total bacteria  117 0.186 0.044 Yes 

Total % live bacteria 117 0.009 0.921 No 

Total % dead bacteria 117 -0.009 0.921 No 

Total Actinobacteria  99 -0.006 0.957 No 

Correlation Analysis with MIB Concentration 

Total bacteria  117 0.294 0.001 Yes 

Total % live bacteria 117 -0.283 0.002 Yes 

Total % dead bacteria 117 0.283 0.002 Yes 

Total Actinobacteria  99 0.036 0.723 No 
* Is the correlation significant: alpha=0.05. 
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Figure 3.9 Distribution of Actinobacteria in Hinze Dam from September 2004 to July 2005 
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Further statistical analysis of the correlation of geosmin and MIB with bacteria 

numbers was performed on each layer of the dam to determine if any stronger 

correlations existed within the stratified layers. For statistical purposes, the dam was 

divided into 3 layers; the surface layer, consisting of 0.3m, 3m and 6m, which had 

most temperature variation, the middle layer, consisting of 9m, 12m and 15m in 

which the thermocline moved throughout the year, and the lower layer, consisting of 

18m, 21m and 24m in which the temperature was stable throughout the year. No 

further correlation was observed with geosmin to bacteria at each of the layers (data 

not shown). A moderate correlation with MIB and total bacteria counts (0.368: 

P=0.021) and MIB and percentage of live and dead bacteria (-0.397; 0.397; P=0.012) 

was demonstrated through the surface layers. A moderate correlation with MIB and 

percentage of live and dead bacteria (-0.369; 0.369; P=0.021) was also observed in the 

middle layer. No further correlations with MIB were observed in the lower layer 

(Table 3.4). 

Table 3.4 Correlation analyses of MIB concentration with bacterial numbers from 

samples at various layers 

 

 

No. XY 

Pairs 

Pearson r P value  

(two-tailed) 

Significant* 

Surface Layer of Dam     

Total bacteria  39 0.368 0.021 Yes 

Total % live bacteria 39 -0.397 0.012 Yes 

Total % dead bacteria 39 0.397 0.012 Yes 

Total Actinobacteria  33 0.078 0.666 No 

Middle Layer of Dam     

Total bacteria  39 0.305 0.059 No  

Total % live bacteria 39 -0.369 0.021 Yes 

Total % dead bacteria 39 0.369 0.021 Yes 

Total Actinobacteria  33 -0.124 0.493 No 

Lower Layer of Dam     

Total bacteria 39 0.074 0.654 No 

Total % live bacteria 39 0.009 0.958 No 

Total % dead bacteria 39 -0.009 0.958 No 

Total Actinobacteria  33 0.183 0.309 No 
* Is the correlation significant: alpha=0.05 
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3.4.1.5  Nitrogen 

Nitrogen as ammonia was measured in 113 of the 117 samples and ranged from 0.004 

mg/L to 0.373 mg/L. The lowest concentration of ammonia was observed in the 6m 

sample taken in July 2004. The highest concentration of ammonia was observed in 

24m sample taken in May 2005. Oxidised nitrogen was measured in 113 or the 117 

samples and ranged from 0.002 mg/L to 0.271 mg/L. The lowest concentration was 

observed in the 6m and 9m samples taken in February 2005 and the highest 

concentration was observed in the 12m sample taken in December 2004. Total 

nitrogen was measured in 113 or the 117 samples and ranged from 0.290 mg/L to 

0.730 mg/L. The lowest concentration was observed in the 15m sample taken in 

March 2005 and the highest concentration was observed in the 12m sample taken in 

December 2004. 

 

3.4.1.6  Phosphorus 

Orthophosphate was measured in 113 or the 117 samples and ranged from 0.001 mg/L 

to 0.013 mg/L. The lowest concentration was observed in the 15m sample taken in 

May 2005 and the highest concentration was observed in the 9m sample taken in 

November 2004. Total phosphorus was measured in 113 or the 117 samples and 

ranged from 0.010 mg/L to 0.049 mg/L. The lowest concentration was observed in the 

0.3m sample taken in February 2005 and the highest concentration was observed in 

the 24m sample taken in May 2005. 

 

3.4.1.7   Iron 

Filterable iron was measured in all of the 117 samples and ranged from 0.02 mg/L to 

3.00 mg/L. The lowest concentration was observed in several samples taken in March 

and April 2005 and the highest concentration was observed in the 24m sample taken 
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in June 2005. Total iron was measured in all of the 117 samples and ranged from 0.06 

mg/L to 3.30 mg/L. The lowest concentration was observed in several samples taken 

in February and March 2005 and the highest concentration was observed in the 24m 

sample taken in June 2005. 

 

3.4.1.8  Manganese 

Filterable manganese was measured in all of the 117 samples and ranged from below 

the limit of reporting (LoR = 0.01mg/L) to 0.97 mg/L. The LoR was observed in 

numerous samples and the highest concentration was observed in the 24m sample 

taken in June 2005. Total Manganese was measured in all of the 117 samples and 

ranged from 0.10 mg/L to 0.98 mg/L. The lowest concentration was observed in 0.3m 

and 3m samples taken in February 2005 and the highest concentration was observed 

in the 24m sample taken in June 2005. 

3.4.1.9  Carbon 

Total organic carbon was measured in 99 of the 117 samples and ranged from 2.19 

mg/L to 6.23 mg/L. The lowest concentration was observed in the 21m sample taken 

in March 2005 and the highest concentration was observed in the 0.3m sample taken 

in October 2004. Total inorganic carbon was measured in 99 of the 117 samples and 

ranged from 2.21 mg/L to 5.51 mg/L. The lowest concentration was observed in the 

0.3m sample taken in April 2005 and the highest concentration was observed in the 

24m sample taken in June 2005. Total carbon was measured in 99 of the 117 samples 

and ranged from 4.42 mg/L to 10.72 mg/L. The lowest concentration was observed in 

the 21m sample taken in March 2004 and the highest concentration was observed in 

the 0.3m sample taken in June 2005. 
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Statistical analysis of the correlation with geosmin and MIB numbers against nutrients 

was performed. Moderate correlations were observed with geosmin and oxidised 

nitrogen (-0.311; P=0.001), with geosmin and total organic carbon (0.220; P=0.029), 

with MIB and orthophosphate (0.196; P=0.037) and with MIB and inorganic carbon 

(0.243; P=0.016) (Table 3.5). 

Table 3.5 Correlation analysis of geosmin and MIB concentration with nutrients from 

all samples from all depths in the Hinze Dam 

 

 

No. XY 

Pairs 

Pearson r P value  

(two-tailed) 

Significant* 

Correlation with Geosmin     

Ammonia Nitrogen  113 0.039 0.679 No 

Oxidised Nitrogen (Filterable) 113 -0.311 0.001 Yes 

Total Nitrogen  113 0.059 0.536 No 

Ortho-phosphate  113 0.137 0.149 No 

Total Phosphorus  113 0.107 0.258 No 

Iron (Filterable) 117 0.006 0.945 No 

Iron Total 117 -0.041 0.660 No 

Manganese (Filterable) 117 -0.080 0.394 No 

Manganese Total 117 -0.131 0.159 No 

Total Organic Carbon 99 0.220 0.029 Yes 

Total Inorganic Carbon 99 -0.195 0.053 No 

Total Carbon 99 0.010 0.921 No 

Correlation with MIB     

Ammonia Nitrogen  113 0.157 0.097 No 

Oxidised Nitrogen (Filterable) 113 -0.023 0.811 No 

Total Nitrogen  113 0.108 0.255 No 

Ortho-phosphate  113 0.196 0.037 Yes 

Total Phosphorus  113 0.065 0.498 No 

Iron (Filterable) 117 -0.070 0.454 No 

Iron Total 117 -0.059 0.531 No 

Manganese (Filterable) 117 -0.122 0.189 No 

Manganese Total 117 -0.081 0.385 No 

Total Organic Carbon 99 0.046 0.648 No 

Total Inorganic Carbon 99 0.243 0.016 Yes 

Total Carbon 99 0.179 0.076 No 
* Is the correlation significant: alpha=0.05. 

 

Further statistical analysis of the correlation with geosmin and MIB with nutrients 

was performed on each layer of the dam to determine if any strong correlations 

existed within layers. In the surface layer, moderate negative correlations of geosmin 

and oxidised nitrogen (-0.330; P=0.043), geosmin and total iron (-0.352; P=0.028), 
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geosmin and filterable manganese (-0.329; P=0.041), and geosmin and total 

manganese (-0.626; P=<0.0001) were observed. In the lower layer moderate 

correlations with geosmin and ammonia (0.660; P=<0.0001), geosmin and oxidised 

nitrogen (-0.513; P=0.001) and geosmin and total phosphorus (0.645 P=<0.0001) 

were observed. Strong correlations with geosmin and filterable iron (0.853; 

P=<0.0001), geosmin and total iron (0.826; P=<0.0001), geosmin and filterable 

manganese (0.766; P=<0.0001) and geosmin and total manganese (0.770; P=<0.0001) 

were observed (Table 3.6). 

 

Table 3.6 Statistical analysis of the correlation of geosmin with nutrients from the 

surface and lower layers in the Hinze Dam 

 

 

No. XY 

Pairs 

Pearson r P value 

(two-tailed) 

Significant* 

Correlation with geosmin for surface layers only 

Ammonia Nitrogen  38 0.0966 0.564 No 

Oxidised Nitrogen (Filterable) 38 -0.330 0.043 Yes 

Total Phosphorus  38 0.0327 0.845 No 

Iron (Filterable) 39 -0.164 0.319 No 

Iron Total 39 -0.352 0.028 Yes 

Manganese (Filterable) 39 -0.329 0.041 Yes 

Manganese Total 39 -0.626 < 0.0001 Yes 

Correlation with geosmin for lower layers only 
Ammonia Nitrogen  38 0.660 < 0.0001 Yes 

Oxidised Nitrogen (Filterable) 38 -0.513 0.001 Yes 

Total Phosphorus  38 0.645 < 0.0001 Yes 

Iron (Filterable) 39 0.853 < 0.0001 Yes 

Iron Total 39 0.826 < 0.0001 Yes 

Manganese (Filterable) 39 0.766 < 0.0001 Yes 

Manganese Total 39 0.770 < 0.0001 Yes 
*Is the correlation significant: alpha=0.05. 

 

 

3.4.1.10  Dry weather and wet weather sampling 

Results from the dry weather and wet weather sampling in the Nerang River and 

Waterfall Creek are shown in Table 3.7. Low concentrations of geosmin were 

detected in both samples taken in dry weather and in the sample from the Nerang 

River in the wet weather. Low concentrations of MIB were detected only in the 
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samples taken during the wet weather. Bacterial numbers were similar for both dry 

and wet weather samples. Actinobacteria were only detected in the wet weather 

samples.  

 

 

Table 3.7 Results of dry and wet weather sampling undertaken at Nerang River and 

Waterfall Creek  

 Nerang River Waterfall Creek 

Dry weather sampling - 9
th

 March 2005  

Geosmin (ng/L) 4.9 2.7 

MIB (ng/L) Nil Nil 

Actinobacteria (cells/100mL) Nil Nil 

Bacteria (cells/mL) 7.34 x 10
5
 1.78 x 10

6
 

Wet weather sampling – 29
th

 June 2005 

Geosmin (ng/L) 7.4 Nil 

MIB (ng/L) 5.7 8.7 

Actinobacteria (cells/100mL) 100 90 

Bacteria (cells/mL) 1.85 x 10
6
 1.82 x 10

6
 

 

 

3.4.2  Investigation two – surface profile of Hinze Dam 

3.4.2.1  Geosmin and MIB 

In the 34 surface composite samples taken, geosmin concentration ranged from not 

detectable to 90.3 ng/L. Geosmin was not detected in 4 of the 34 samples. The highest 

concentration was observed on the 22 December 2004. MIB was detected in only 7 of 

the samples with the highest concentration (16.8 ng/L), occurring in the 22 December 

2004 sample (Figure 3.10 A). 

 

3.4.2.2  Water temperature 

Water temperature ranged from 16.4
o
C to 27.9

o
C. Highest temperature was recorded 

on 9
th

 February 2005 (late Summer) and the lowest temperature on 11th August 2004 

(late winter) (Figure 3.10 A). As expected, water temperature varied with the seasons. 
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3.4.2.3  Anabaena counts and total algal counts 

Algal counts ranged from 18 800 cells/mL to 143 840 cells/mL. Lowest count 

occurred on the 16
th

 February 2005 and the highest count occurred on the 29
th

 

December 2004. Anabaena sp. counts ranged from nil to 4800 cells/mL. Highest 

count was observed on 1
st
 December 2004 (Figure 3.10 B). 

 

 

Figure 3.10 Comparison of Geosmin and MIB concentration to water temperature 

(A), total algal counts and Anabaena numbers (B) and Actinobacteria cells (C) in all 

surface composite samples 
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3.4.2.4  Actinobacteria numbers 

Actinobacteria counts ranged from nil, in 22 of the 34 samples, to 110 cells/100mL. 

Highest count was observed on 8 December 2004 (Figure 3.10 C). 

3.4.2.5  Rainfall and dam capacity 

Weekly rainfall ranged from nil to 369.2 mm per week. Highest rainfall was observed 

on the week ending 10
th

 November 2004. Two other significant rainfall events 

occurred, with 101.6 mm falling in the week ending 10 November 2004 and with 

262.0 mm falling in the week ending 6
th

 July 2005. Dam capacity ranged from 62.3% 

to 85.2%. Lowest capacity was reached on the 13
th

 October 2004 and the highest 

capacity on the 22
nd

 December 2004 (Figure 3.11A). 

 

3.4.2.6  Nitrogen 

Concentration of nitrogen as ammonia ranged from 0.009 mg/L to 0.136 mg/L. 

Lowest concentrations were observed on 29
th

 December 2004 and 20
th

 April 2005. 

The highest concentration was observed on 6
th

 July 2005. Concentration of oxidised 

nitrogen ranged from 0.003 mg/L to 0.169 mg/L. Lowest concentration was observed 

on the 30
th

 March 2005 and the highest concentration on the 14
th

 July 2004. 

Concentration of total nitrogen ranged from 0.310 mg/L to 0.580 mg/L. Lowest 

concentrations were observed on 4
th

 May 2005 and 25
th

 May 2005. Highest 

concentration was observed on 14
th

 July 2004 (Figure 3.11 B). 

 

3.4.2.7  Phosphorus 

Concentration of orthophosphate ranged from 0.001 mg/L to 0.012 mg/L. Lowest 

concentration was observed on 30 March 2005 and the highest concentration on 20 

April 2005. Concentration of total phosphorus ranged from 0.010 mg/L to 0.031 
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mg/L. Lowest concentration was observed on 30 March 2005 and the highest 

concentration on 20
th

 April 2005. (Figure 3.11 C) 

 

 

Figure 3.11 Comparison of rainfall and dam capacity (A), ammonia, oxidised 

nitrogen and total nitrogen (B) and orthophosphate and total phosphorus (C) in all 

surface composite samples 
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3.4.2.8  Analysis 

Statistical analysis of the correlation with geosmin concentration and MIB numbers 

against physical and chemical parameters was performed (Table 3.8).  A strong 

correlation was observed between geosmin and Anabaena sp. (0.873; P=<0.0001). 

Moderate correlations were observed between geosmin and water temperature (0.443; 

P=0.009), geosmin and dam capacity (0.347; P=0.038) and MIB and ammonia (0.359; 

P=0.037).  

 

 

Table 3.8 Statistical analysis of the correlation of geosmin and MIB concentration 

with physical and chemical parameters for the surface composite study  

 

 

No. XY 

Pairs 

Pearson r P value  

(two-tailed) 

Significant

* 

Correlation with geosmin      

Total Algal Counts 34 0.247 0.158 No 

Anabaena No’s 34 0.873 < 0.0001 Yes 

Actinobacteria No’s 34 0.171 0.335 No 

Ammonia Nitrogen  34 -0.123 0.487 No 

Oxidised Nitrogen (Filterable) 34 -0.053 0.765 No 

Total Nitrogen 34 0.290 0.096 No 

Orthophosphate 34 0.055 0.757 No 

Total Phosphorus  34 0.107 0.548 No 

Weekly Rainfall 34 0.193 0.274 No 

Dam Capacity 34 0.357 0.038 Yes 

Water Temperature 34 0.443 0.009 Yes 

Correlation with MIB      

Total Algal Counts 34 -0.190 0.282 No 

Anabaena No’s 34 -0.042 0.815 No 

Actinobacteria No’s 34 -0.145 0.414 No 

Ammonia Nitrogen  34 0.359 0.037 Yes 

Oxidised Nitrogen (Filterable) 34 0.170 0.336 No 

Total Nitrogen 34 0.230 0.191 No 

Orthophosphate 34 0.055 0.758 No 

Total Phosphorus  34 0.111 0.533 No 

Weekly Rainfall 34 0.069 0.698 No 

Dam Capacity 34 0.037 0.836 No 

Water Temperature 34 -0.255 0.146 No 
*Is the correlation significant: alpha=0.05. 
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3.5   Discussion  

Overall, the erratic patterns of geosmin and MIB occurrence observed by Gold Coast 

Water during the drought period from 2001 to early 2003, as described in section 3.1, 

were not seen during the 2004/2005 sampling period for this study. In July 2004, 

when sampling commenced, the drought had ended and dam capacity was at 73% 

(Figure 3.11).  

 

3.5.1  Presence and perseverance of geosmin  

The pattern of geosmin concentration within the dam depth profile over the 13 months 

of this study is interesting, as shown in the contour plot (Figure 3.3). Geosmin was 

present in every sample taken from each depth between July 2004 and March 2005. 

During this time, the concentration of geosmin in the surface layers (0.3m to 6m) 

increased each month to reach a peak in December, then steadily declined through 

January to March. In April and July (2005), no geosmin was detected in the surface 

layers and only small concentrations, up to 3.8 ng/L was found in May and June. This 

pattern was also seen in the intensive surface composite study where geosmin 

concentration steadily increased to reach a peak of 90.3 ng/L in late December. 

Concentration of geosmin then steadily declined from January to March and was not 

detected in mid-April. Geosmin concentration in the middle layer (9m to 15m) also 

inclined to reach a peak in January and then declined though to June. In contrast, 

geosmin concentration in the lower layer (18m to 24m) remained low (less than 15.5 

ng/L) and relatively steady from July (2004) to February but increased to up to 34.6 

ng/L between March and June.  

 

It is apparent from the strong correlation with geosmin and Anabaena sp. (0.8734 

P=<0.0001) that the geosmin concentration in the surface layers was a result of the 
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Anabaena sp. bloom that commenced in October 2004. However, the cause of the 

increase in geosmin in the lower levels from March 2005 is not apparent. It is unlikely 

that the increase in geosmin below the thermocline from March 2005 is a result of 

microbial activity or terrestrial runoff. Although no mixing of the layers occurs while 

the dam is thermally stratified, heavy matter, such as dead Anabaena cells, would be 

able to move down through the stratified layers. It is proposed that after the Anabaena 

bloom, dead or dying cells sank to the lower layers, releasing cell-bound geosmin into 

the water, thus causing the increase in geosmin concentration in the lower layers. 

There are numerous studies of taste and odour events in water bodies linking 

Anabaena as the causative agent of the event (Hishida et al., 1988; Izaguirre et al., 

1982; Li et al., 2010; Slater & Blok, 1983; Van der Ploeg, 1991; Yagi, 1988) 

including a study from South Australia (Hayes & Burch, 1989). However, the 

literature does not reveal any similar studies involving a full depth profile of a water 

body before, during and after a taste and odour event, therefore this is the first time 

that this phenomena has been observed and reported. 

 

It is also noted that geosmin disappeared from all layers in July 2005. Thermal 

destratification occurred only hours before the July 2005 samples were collected. It is 

therefore speculated that destratification caused the geosmin trapped in the lower 

levels of the dam to rise to the surface and volatise.  
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3.5.2  Presence and perseverance of MIB  

The pattern of the presence of MIB throughout the study period was unusual. In the 

dam depth study, MIB was detected in all samples taken in September 2004, June 

2005 and July 2005, in two samples taken in March from the surface layer and one 

taken in February from the middle layer. MIB was detected in only 7 of the 34 surface 

composite samples with the greatest concentration occurring at the same time as the 

geosmin peak. In total, MIB was detected in 37 of the 151 dam samples with 30 of 

those samples being below 10 ng/L and the other 7 samples not exceeding 17.2 ng/L. 

At these concentrations MIB would be unlikely to cause taste and odour issues for 

Gold Coast Water. 

3.5.3  Potential sources of geosmin and MIB in dam 

Actinobacteria and cyanobacteria (Anabaena sp. and Microcystis sp.) in the water 

column were examined as potential sources of geosmin and MIB. Additionally, 

consideration was also given to the potential of terrestrially produced geosmin and 

MIB being washed into the dam as a result of rainfall events.  

 

Actinobacteria were measured in all surface composite samples and all dam depth 

samples taken after August 2004. The presence of Actinobacteria in both the surface 

composite samples and the dam depth samples was erratic and no correlation with 

geosmin or MIB could be found. Two high Actinobacteria counts were observed in 

surface samples during the taste and odour event; 110 cells/100mL on 8
th

 December 

in the composite sample and 100 cells/100mL on 12
th

 January 2005 in the 0.3m depth 

sample, however these results were isolated and did not appear to influence the 

presence and perseverance of geosmin or MIB. High Actinobacteria counts were also 

observed in several middle layer and lower layer samples, however, there was no 

correlation with geosmin or MIB concentration and Actinobacteria numbers. The 
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relationship between Actinobacteria numbers and geosmin in the surface composite 

samples is illustrated in figure 3.12 and shows that Actinobacteria numbers were low 

during the rise and peak of the taste and odour event. 

 

 

 

Figure 3.12 Actinobacteria numbers and geosmin concentration from surface 

composite samples in the Hinze Dam taken over 13 months 

 

 

In contrast, the data clearly implicates the cyanobacteria, Anabaena sp., as the source 

of geosmin in the surface layers of the dam with a very strong correlation of 0.8734 

(P=<0.0001) to the concentration of geosmin. The relationship between Anabaena sp. 

numbers and geosmin in the surface composite samples is illustrated in Figure 3.13 

and shows that Anabaena numbers were high during the rise and peak of the taste and 

odour event and correspondingly decreased with the decline of the event. 
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Figure 3.13 Anabaena numbers and geosmin concentration from surface composite 

samples in the Hinze Dam taken over 13 months 

  

Three significant rainfall events occurred during the sampling period resulting in 

increases to dam volumes. These events occurred in November and December 2004 

and July 2005 where dam capacity increased by 16%, 18% and 23% respectively 

(Figure 3.11). The first rainfall event was followed by a sudden increase in numbers 

of Anabaena sp. (from 80 to 4800 cells/mL) and a corresponding rise in geosmin 

concentration (from 43.8 to 86.0 ng/L) (Figures 3.14 and 3.15). The second event 

coincided with the highest geosmin concentration recorded (90.3 ng/L) and also high 

cell numbers of Anabaena sp. (2700 cells/ml). These two rain events occurred at the 

onset of Summer when the surface water temperature had exceeded 22
o
C (Figure 

3.11). In contrast, no geosmin and no Anabaena cells were detected in the sample 

taken after the third rainfall event, which occurred at a time when surface water 

temperatures had dropped to 17
o
C (Figure 3.14). Additionally, although the rain event 

sampling revealed that Actinobacteria were being carried into the dam during a rain 

event, there was no relationship between rainfall and numbers of Actinobacteria in the 

surface composite samples (Figure 3.16). The peak in Actinobacteria numbers 

occurred 28 days after the first rainfall event therefore it is unlikely that the high 

Actinobacteria numbers recorded in December were a direct result of run-off. These 
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observations indicate that the likely source of geosmin in the surface layers during the 

taste and odour event is from Anabaena sp. and not from terrestrial sources as a result 

of run-off during rain events or Actinobacteria transported into the dam. 

 

 

Figure 3.14 Anabaena numbers from surface composite samples and rainfall in the 

Hinze Dam taken over 13 months 

 

 

 

 

Figure 3.15 Geosmin concentration from surface composite samples and rainfall in 

the Hinze Dam taken over 13 months 
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Figure 3.16 Actinobacteria numbers from surface composite samples and rainfall in 

the Hinze Dam taken over 13 months 

 

Although the results clearly indicate that there was no correlation with geosmin or 

MIB concentration and numbers of Actinobacteria, it cannot be assumed that 

Actinobacteria played no role in the presence of geosmin or MIB throughout the dam 

waters. Actinobacteria are inherently difficult to quantify and culture from water 

samples (Klausen 2004, Zaitlin & Watson 2006). Isolation onto selective media may 

capture both dominant spores and actively growing Actinobacteria in addition to 

missing taxa that do not respond to the growth media used (Sugiura & Nankan 2000, 

Zaitlin & Watson 2006). Alternative methods to quantify Actinobacteria using several 

published techniques were attempted with unsuccessful results. In particular, 

fluorescent in-situ hybridisation and catalysed reporter deposition techniques for 

quantification of Actinobacteria, as described by Sekar et al. (2003) and Pernthaler et 

al. (2002) could not be optimised with reliable results before the commencement of 

sampling for this study. Isolation on selective media was considered the most reliable 

method for counting Actinobacteria for this study and provided a further advantage of 

isolating colonies for further testing and characterisation. 
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A more in-depth examination of Actinobacteria in the Hinze Dam and the potential to 

produce taste and odour compounds is presented in Chapter 7. Further investigation of 

the data obtained in the field-based study and the laboratory-based studies (Chapters 5 

and 6) was undertaken to explore the potential for production of taste and odour 

compounds by Actinobacteria in the Hinze Dam and to consider factors that may be 

limiting or prohibiting production of taste and odour compounds by Actinobacteria in 

the environment.  

 

3.5.4  Potential triggers for geosmin and MIB 

This data indicates that the peak in geosmin seen at the onset of Summer was due to 

the increase in number of Anabaena sp. cells which was most likely triggered by a 

rainfall event that resulted in a significant inflow into the dam waters and a 

corresponding pulse of nutrients (Figs 3.10 and 3.11). However, it also appears that an 

inflow of nutrients into the dam waters during significant rain events needs to be 

coupled with higher water temperatures to promote growth of Anabaena sp. cells 

and/or the presence of odour compounds. The higher number of Anabaena sp. cells 

also correlated with water temperatures (0.534; P=0.001).  

 

A moderate correlation between water temperature and geosmin concentration was 

observed during both the dam depth study (0.551; P=<0.0001) (Figure 3.9) and the 

surface composite study (0.443; P=0.009) (Figure 4.14). Similar results have been 

observed in other studies, both in source water (Armstrong et al., 1986; Howell et al., 

2002; Lin et al., 2002; Persson, 1979; Wood et al., 1985) and in laboratory cultures 

(Blevins et al., 1995; Hu et al., 2001; Hu, 1994; Saadoun et al., 2001b; Wu & 

Juettner, 1988). Given that temperature is closely linked with metabolism and growth 
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in microorganisms, the increased production of geosmin is most likely linked to 

increased microbial metabolism and/or growth. However, further research is required 

to explore how temperature influences geosmin biosynthesis and whether it is coupled 

with growth and/or metabolism. 

 

Varying forms and concentrations of nitrogen in laboratory cultures have been shown 

to influence geosmin and MIB production in streptomycetes (Blevins et al., 1995; 

Lind & Katzif, 1988; Wood et al., 1985) and cyanobacteria (Aoyama et al., 1991; 

Blevins et al., 1995; Hu et al., 2001; Naes & Post, 1988; Rashash et al., 1995; Wu et 

al., 1991). Lind and Katzif (1988) note that their laboratory data supports field 

observations of taste and odour episodes occurring in a reservoir after rainfall events 

that supply pulses of nitrogen into the system. The data from these studies showed 

that small increases in nitrogen and phosphorus concentrations were observed after 

each rainfall event, yet a corresponding rise in geosmin was only observed during the 

warmer months.  

 

In the surface composite study, no correlations were observed between geosmin and 

nitrogen as ammonia, oxidised nitrogen and total nitrogen. However, in the dam depth 

study, a negative correlation (-0.311; P=0.001) was observed with geosmin and 

oxidised nitrogen. Further interrogation of the data revealed that in the lower layers of 

the dam moderate correlations were observed with geosmin and ammonia (0.660; 

P=<0.0001) and with geosmin and oxidised nitrogen (-0.513; P=<0.0001). The 

relationship with nitrogen to geosmin production warrants further investigation. 
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 In the surface composite study, a correlation of 0.359 (P=0.037) was observed with 

MIB and ammonia. As MIB was detected in only 7 of the 34 samples it is difficult to 

analyse statistically, however, in the dam depth study no correlations were observed 

with MIB to nitrogen. 

 

In several laboratory-based studies (Saadoun et al., 2001b; Schrader & Blevins, 

2001), varying phosphorus concentrations have been shown to influence geosmin and 

MIB production. Increasing phosphorus concentration has been shown to correlate 

with an increase in geosmin production in cultures of Steptomyces halstedii (Schrader 

& Blevins, 2001) and an Anabaena sp. (Saadoun et al., 2001b). In contrast, a low 

phosphorus treatment resulted in increased concentrations of extracellular geosmin in 

cultures of Anabaena laxa (Rashash et al., 1995). Both the surface composite study 

and the full dam depth study showed no significant correlations between geosmin and 

MIB to orthophosphate and total phosphorus concentrations. However, further 

interrogation of the data revealed a moderate correlation (0.645; P=<0.0001) with 

geosmin and total phosphorus in the lower layers of the dam.  

 

The metabolic pathway involved in geosmin and MIB production is intrinsically 

linked to phosphate. Both geosmin and MIB are secondary metabolites synthesised 

via the isoprenoid pathway (Bentley & Meganathan 1981). The precursors of geosmin 

and MIB are farnesyl pyrophosphate and geranyl pyrophosphate, respectively. The 

conversion of these terpenes to odour metabolites requires the phosphate group to be 

removed (Bentley & Meganathan, 1981; Cane & Watt, 2003). The phosphate group 

may then be used in other metabolic processes within the cell. The possibility that 

geosmin and MIB may be an accidental by-product of an organisms’ need to 
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sequester phosphate for essential metabolic processes during times of phosphorus 

limitation needs to be considered and warrants further investigation.  

 

Concentrations of iron, manganese and carbon were measured in the dam depth study 

but not in the surface composite study. No correlations were observed with geosmin 

and MIB to iron and manganese when interrogating the data from all of the depths 

together. However, when interrogating the data from the individual layers, surface 

(0.3 to 6m), middle (9 to 15m) and bottom (18 to 24m), correlations were observed. 

Negative correlations with geosmin to total iron (-0.352; P=0.028), geosmin to 

filterable manganese (-0.329; P=0.041) and geosmin to total manganese (-0.626; 

P=<0.0001) were observed in the surface layers. In contrast, strong positive 

correlations were observed with geosmin to filterable iron (0.853; P=<0.0001), 

geosmin to total iron (0.826; P=<0.0001), geosmin to filterable manganese (0.766; 

P=<0.0001) and geosmin to total manganese (0.770; P=<0.0001) in the lower layers. 

Studies have shown that increasing iron concentrations inhibited both geosmin and 

biomass concentrations in laboratory cultures of Streptomyces halstedii (Schrader & 

Blevins, 2001). Therefore, these findings are interesting and warrant further 

investigation to determine if iron and manganese actually serve as a trigger for the 

production of geosmin in organisms in the dam waters, or if the correlations are 

simply an artefact of the typical presence and concentration of these parameters with 

the dam depth profile and have no causal relationship to the production of geosmin. 

 

No correlations were observed with geosmin to inorganic carbon and total carbon, 

however a weak correlation was observed with geosmin to total organic carbon 

(0.220; P=0.029). A weak correlation was also observed with MIB to inorganic 
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carbon (0.243; P=0.016). Studies have found that maltose as a sole carbon source 

promoted maximal growth while mannitol promoted maximum geosmin production in 

culures of Streptomyces halstedii and galactose yielded highest geosmin/biomass 

values (Schrader & Blevins, 2001). 

 

3.6  Conclusions 

The case study presented here has provided some guidance for continuing laboratory 

and field-based studies in the hunt for the triggers of geosmin, and to a lesser extent, 

MIB biosynthesis. Here it was demonstrated that high concentrations of geosmin 

detected in the surface water of Hinze Dam strongly correlated with an increase in 

numbers of Anabaena sp. The increase in these cyanobacterial cells occurred 

immediately after a significant rainfall event and an accompanying pulse in nutrients 

during a time of warmer water temperatures. However, high rainfall and a pulse of 

nutrients did not render the same effect during colder months. Thus, temperature and 

nutrient concentrations are important parameters involved in the production of 

geosmin and MIB.  Given the anecdotal evidence discussed, the data presented here 

and in previous reports, taste and odour events are more complex than a single trigger 

for a single group of microorganisms. Further studies are required to understand the 

influence of other odour-producing microorganisms and environmental factors on the 

occurrence of odour compounds in source water. 
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Chapter 4 – Field Study 2 – Presence, perseverance and sources of 

geosmin and MIB in the Gold Coast reticulation system  

 

4.1  Introduction 

As discussed in Chapter one, in addition to the severe and unpredictable taste and 

odour events experienced during the prolonged dry period of 2001 to 2003, significant 

taste and odour issues were still reported within the drinking water distribution system 

even though Gold Coast Water had introduced treatment with powdered activated 

carbon to reduce the concentration of geosmin and MIB. These reports lead Gold 

Coast Water to speculate that the production of geosmin and MIB may be occurring 

after treatment, within the pipes of the reticulation system or within the domestic 

plumbing systems. It was not clear if the geosmin and MIB found at the end-point of 

the reticulation system originated from the water catchment or was produced within 

the reticulation system.  

 

It is well documented that microbial growth occurs within biofilms on surfaces of 

pipes within water distribution systems (Hallam et al., 2001; Herson et al., 1991), 

however the association of biofilm-related microorganisms with the production of 

geosmin and MIB has not been reported. Actinobacteria have been shown to survive 

conventional water treatment and disinfection (Niemi et al., 1982). Therefore, the 

potential exists for geosmin and MIB-producing microorganisms to grow within the 

reticulation system and contribute to the reduction of the organoleptic quality of the 

water. Gold Coast Water supported this field study in order to gain a better 

understanding of the presence and perseverance of geosmin and MIB in the drinking 

water reticulation system. This field study was conducted over the same period as 

field study one. 
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4.2  Aims 

The aim of this component of the field study was to investigate the presence and 

perseverance of geosmin and MIB in the drinking water reticulation system, and if 

found, consider the potential sources, including if the taste and odour compounds 

originated from the Hinze Dam or potentially from biofilm-associated Actinobacteria 

within the reticulation system. 

4.3  Materials and methods 

4.3.1  Sampling sites and sampling processes 

4.3.1.1  Drinking water treatment plant 

At the time this study was undertaken, the Molendinar Water Treatment Plant (Lat. 

27
o
58’43”, Long. 153

o
21’09”), had a capacity of 180 ML per day and was the city’s 

largest treatment plant. The plant used conventional treatment processes of 

coagulation, flocculation, sedimentation, filtration, pH correction and chlorination. 

During taste and odour events, additional pre-treatment using powdered activated 

carbon (PAC) was also employed.  

 

The plant treated raw water, extracted from the Hinze Dam at the inlet tower 

(described in 3.3.1), which was pumped 12 kilometres to the treatment plant. Samples 

of raw water were collected at the pump station located at the dam and from the raw 

water storage tank at the treatment plant. Water samples were also collected after final 

treatment.  

 

Samples were collected monthly, over 13 months, on the same day as samples 

collected at the inlet tower in the Hinze Dam. All samples were collected and 

processed by Gold Coast City Council Scientific Services using standard collection 

methods (APHA, 1998) and with assistance from the lead researcher.  
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4.3.1.2  Gold Coast distribution system 

Samples were collected from twenty sites in the drinking water reticulation system on 

a monthly basis for 12 months from July 2004 until June 2005 (Table 4.1 & Figure 

4.1). Collection of samples from the reticulation system did not align with collection 

of samples from the dam and the treatment plant as it was not possible to track 

movement of water from the treatment plant through the reticulation system. 

Therefore, the results from the reticulation system do not directly correlate to the 

results of the treatment plant and should be considered as indicative of the presence 

and perseverance of geosmin and MIB. All samples were collected and processed by 

Gold Coast City Council Scientific Services using standard collection methods 

(APHA, 1998).  

Table 4.1 Sampling sites in the Gold Coast drinking water reticulation system 

Site ID. Site Name and Location Lat.  Long. 

C2-SBS Southport Beach S.L.S.C., Main Beach 27
o
58’30” 153

o
25’44” 

C2-SCR Sehmish Court Reservoir, Bonogin 28
o
07’20” 153

o
20’55” 

C2-DCR Duke Court Reservoir, Tallai 28
o
04’17” 153

o
19’38” 

C2-BPS Boonooroo Park Shopping Centre, Carrara 28
o
00’59” 153

o
21’06” 

C2-BNC Benowa Netball Courts, Southport 27
o
59’16” 153

o
24’15” 

C2-CMP Carol Moore Park, Nerang 28
o
00’08” 153

o
18’33” 

C3-CCR Carapook Cres. Reservoir, Tallebudgera 28
o
09’25” 153

o
24’22” 

C3-BDR Bridgman Drive Reservoir, Reedy Creek 28
o
06’18” 153

o
23’36” 

D1-NFR Nathan Forest Reservoir, Mt Nathan 27
o
58’37” 153

o
16’33” 

D1-PPR Pacific Pines Reservoir, Gaven 27
o
55’38” 153

o
18’58” 

D1-VDR Vennor Drive Reservoir, Ormeau 27
o
47’22” 153

o
13’58” 

D1-SND Sidney Nolan Drive Park, Coombabah 27
o
54’54” 153

o
22’54” 

D2-AR Ashmore Road, Ashmore 27
o
58’36” 153

o
21’39” 

D2-SPS Surfers Paradise S.L.S.C., Surfers Paradise 28
o
00’11” 153

o
25’51” 

D2-ADR Aylesham Drive Reservoir, Bonogin 28
o
08’29” 153

o
20’36” 

D2-GTR Grandview Terrace Reservoir, Tallai 28
o
04’52” 153

o
19’38” 

D2-DRD Daryl Radnell Drive Reservoir, Worongary 28
o
02’37’ 153

o
19’54” 

D2-MD Mackellar Drive, Nerang 27
o
59’58” 153

o
19’01” 

D2-CCR Chopin Court Hight Level Reservoir, Nerang 28
o
00’22” 153

o
17’46” 

D2-BHC Blue Hill Court Reservoir, Nerang 27
o
59’28” 153

o
18’08” 
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Figure 4.1 Map of study site showing sampling location for Gold Coast Water 

distribution system 
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4.3.2  Analyses  

The parameters measured for each of the samples is listed in Table 4.2 All analyses 

were carried out in the laboratories at Griffith University. 

Table 4.2 Parameters measured in various sample types 

 

Treatment 

Plant 

Distribution 

System 

Laboratory 

Total Bacteria Counts (per mL) Y Y GU 

Total Bacteria Counts (% Live/Dead) Y Y GU 

Actinobacteria Counts (cfu/100ml) Y* Y* GU 

Geosmin (ng/L) Y Y GU 

MIB (ng/L) Y Y GU 
Y= Parameter is measured for this sample type. * Indicates not all samples measured for this parameter. GU = Griffith 

University.  

 

4.3.2.1  Bacterial counts 

Bacterial counts were performed as described in section 3.3.2.3. 

4.3.2.2  Actinobacteria isolation and counts 

Actinobacteria isolation and counts were performed on 8 of the 20 sampling sites over 

the 12-month period. Analysis was undertaken as described in section 3.3.2.4. 

4.3.2.3  Geosmin and MIB 

Geosmin and MIB were measured as described in section 3.3.2.5. 

4.3.3  Biofilm observations and sampling 

A modified Robbins device was used to sample biofilms. Robbins devices were 

originally used to investigate biofilm accumulation in catheters but were later adapted 

for use in other environments (Kharazmi et al., 1999). The Robbins device consists of 

a tube with 8 sampling ports along the 3 sides (Figure 4.1). A total of 24 coupons are 

fitted into the sampling ports. The coupons are shaped to follow the contours of the 

interior tube of the Robbins device to minimise changes to the flow of the water. The 

biofilm sampling surface area is shown in Figure 4.1. The device and the coupons are 
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made from polyvinyl chloride (PVC). Most pipes within the potable water distribution 

system are constructed of PVC.  

 

 

 
 

 
 

 

Figure 4.2 The modified Robbins device and coupons. The biofilm sampling surface 

fits snugly into the device and is shaped to follow the interior surface of the tube. 

 

The device was fitted to the piping system at Gold Coast City Council Scientific 

Services laboratory in Coombabah Qld in June 2004. The device was fitted in a 

manner that allowed the surface of the coupon to be in contact with water 

continuously. Water was free flowing when the tap was turned on and water was 

stationary when the tap was turned off. The tap was used regularly by laboratory staff 

throughout each day.  

 

Biofilm 

sampling 

surface 

Coupon 
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Biofilms were allowed to accumulate over an 18-month period with 4 coupons being 

removed (and replaced) for observation and testing every 3 months. Coupons were 

collected on a total of 6 occasions with the age of the biofilm ranging from 3 months 

to 18 months. Removed coupons were placed in sterile physiological saline (0.9% w/v 

NaCl) in sterile containers and placed on ice for transport to the laboratory. Coupons 

were processed within 24 hours. Biofilms were aseptically scraped off and suspended 

in 10mL of physiological saline. The biofilm suspension from 2 coupons were 

combined and processed for isolation of Actinobacteria as described in section 

3.3.2.4. The biofilm suspension from the remaining 2 coupons was combined and 

tested for the presence of geosmin and MIB as described in section 3.3.2.5.  

4.3.4  Data Analysis 

Pearsons correlations were used to determine correlation between geosmin and MIB 

to all pysico-chemical parameters and were performed using Graphpad PRISM
®
 

(Version 5.0a). The production of graphs was performed on Graphpad PRISM
®
 

(Version 5.0a). 
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4.4  Results 

4.4.1  Geosmin and MIB in the treatment train  

Geosmin was detected in raw water at the pump station (Hinze Dam) and at the 

Molendinar treatment plant every month except for April and July 2005. The highest 

concentration of geosmin of 68.3 ng/L was detected in October 2004, which 

corresponded with the commencement of the taste and odour event. Due to 

implementation of treatment with activated carbon at the pump station, concentration 

of geosmin in raw water to the treatment plant was lower than concentrations in the 

dam. Concentration of geosmin in treated water from Molendinar treatment plant 

ranged from zero to 28.1 ng/L (Figure 4.3). An anomaly was observed in June 2005 

with geosmin concentration of 44.1 ng/L being detected in raw water at the treatment 

plant and none detected at the pump station. Geosmin was also not detected in treated 

water at this time. It is difficult to explain this isolated result, however it does 

coincide with MIB detections.  

 

MIB was detected in raw water in September 2004, June 2005 and July 2005. 

Concentration of MIB in raw water ranged from 4.2 ng/L to 10.8 ng/L. Concentration 

of MIB in treated water ranged from 5.5 ng/L to 9.7 ng/L (Figure 4.4). 
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Figure 4.3 Concentration of geosmin in raw water at Hinze Dam pump station, raw 

water at Molendinar treatment plant and in treated water at Molendinar treatment 

plant throughout the 13-month sampling period 

 

 

Figure 4.4 Concentration of MIB in raw water at Hinze Dam pump station, raw water 

at Molendinar treatment plant and in treated water at Molendinar treatment plant 

throughout the 13-month sampling period 

 

4.4.2  Geosmin and MIB in the reticulation system 

Geosmin was detected at each of the 20 sampling sites on at least one occasion during 

the 12 month sampling period. The highest concentration observed was 16.1 ng/L in 

October 2004 at site: C2-DCR. Numerous samples exceeded geosmin concentration 

measured in the treated water of the corresponding month; however, no samples 

exceeded geosmin concentration in untreated water. As sampling was not undertaken 

on the same day, this is not unexpected (Table 4.3).  
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Table 4.3 Concentration of Geosmin (ng/L) in treated water and throughout the 

reticulation system  

Sampling 

site 

Jul 

 04 

Aug 

04 

Sept 

04 

Oct 

04 

Nov 

04 

Dec 

04 

Jan 

05 

Feb 

05 

Mar 

05 

Apr 

05 

May 

05 

Jun 

05 

HD * 4.1 25.6 18.0 50.1 51.3 46.5 42.6 13.3 23.7 0.0 2.7 1.1 

WTP**  7.1 12.2 11.0 68.3 53.8 34.3 38.6 9.8 26.1 0.0 4.1 44.1 

WTP*** 8.9 7.2 3.5 28.1 7.70 0.0 6.6 3.4 0.0 0.0 2.4 0.0 

C2-SBS 0.0 9.4 9.4 8.9 4.6 1.2 5.3 6.0 7.9 0.0 1.2 0.0 

C2-SCR 4.9 5.0 7.1 15.8 10.8 2.0 6.2 1.1 6.6 0.0 3.9 0.0 

C2-DCR 4.2 4.7 5.0 16.1 5.4 0.0 1.4 1.1 6.1 0.0 2.7 0.0 

C2-BPS 6.4 9.3 4.0 9.5 4.4 0.0 4.9 3.7 8.5 0.0 0.0 0.0 

C2-BNC 7.7 7.9 4.4 8.9 4.9 1.8 6.2 5.8 6.8 0.0 0.0 0.0 

C2-CMP 5.0 7.4 0.0 6.0 5.3 2.3 5.7 4.3 6.2 0.0 0.0 0.0 

C3-CCR 4.4 4.4 1.1 15.0 1.1 0.0 1.5 0.0 6.1 10.1 N/A 1.6 

C3-BDR 0.0 5.7 5.1 7.1 2.2 0.0 0.0 0.0 4.9 0.0 N/A 3.0 

D1-NFR 0.0 2.5 3.0 3.3 4.5 2.9 3.9 N/A 5.1 0.0 N/A 0.0 

D1-PPR 5.2 7.0 4.9 8.9 1.1 15.0 1.7 N/A 5.9 1.1 N/A 0.0 

D1-VDR 0.0 5.3 1.8 9.0 5.3 14.8 5.3 N/A 5.5 0.0 N/A 0.0 

D1-SND 0.0 8.2 6.2 8.7 15.3 N/A 3.1 N/A 8.0 2.6 N/A 0.0 

D2-AR 4.6 3.4 7.2 5.3 15.8 14.8 3.2 5.0 5.2 0.0 0.0 2.7 

D2-SPS 2.5 5.3 1.6 13.2 15.7 1.7 N/A 4.4 5.0 0.0 0.0 4.5 

D2-ADR 2.4 3.3 1.7 10.0 0.0 0.0 2.1 3.9 5.4 4.6 1.1 0.0 

D2-GTR 4.4 3.7 2.7 11.2 0.0 3.4 3.8 6.2 6.9 3.7 4.5 2.8 

D2-DRD 3.6 0.0 3.1 8.1 1.6 0.0 1.8 4.3 0.0 4.5 2.3 1.5 

D2-MD 4.5 8.1 2.4 8.3 7.9 0.0 5.2 3.0 5.7 1.1 0.0 0.0 

D2-CCR 0.0 4.4 1.9 3.5 0.0 1.8 3.0 2.1 0.0 0.0 0.0 0.0 

D2-BHC 5.1 4.3 5.6 3.8 4.0 1.1 3.3 3.8 5.3 0.0 0.0 2.6 

* = Hinze Dam pump station (raw water). ** = Molendinar water treatment plant (raw water). *** = 

Molendinar water treatment plant (treated water) (N/A = Sample not collected) 
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MIB was detected at each of the 20 sampling sites on at least one occasion during the 

12 months sampling period. The highest concentration observed was 38.2 ng/L in 

December 2004 at site: D2-GTR. Numerous samples exceeded MIB concentration 

measured in treated and untreated water when no MIB was detected at the treatment 

plant. Concentrations of MIB up to 5.3 ng/L was detected throughout the distribution 

system during March 2005. Although no MIB was detected at the treatment plant on 

the date of sampling, MIB was detected in the 0.3 and 3m samples collected from the 

dam on the 9
th

 March 2005. Samples were collected from the distribution system 

between the 15
th

 and 21
st
 March 2005 (Table 4.4).  

 

High concentrations of MIB, between 9 ng/L and 38.2 ng/L, were detected in 10 

samples taken in the distribution system during December. No MIB was detected at 

the dam or in the treatment plants during December. Samples from the dam were 

collected on 1
st
 December 2004 and samples from the distribution system collected 

between 17
th

 December and 29
th

 December 2004.  
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Table 4.4 Concentration of MIB (ng/L) in treated water and throughout the 

reticulation system  

Sampling 

site 

Jul 

 04 

Aug 

04 

Sept 

04 

Oct 

04 

Nov 

04 

Dec 

04 

Jan 

05 

Feb 

05 

Mar 

05 

Apr 

05 

May 

05 

Jun 

05 

HD * 0 0 5.3 0 0 0 0 0 0 0 0 6.9 

WTP**  0 0 4.2 0 0 0 0 0 0 0 0 7.2 

WTP*** 0 0 5.5 0 0 0 0 0 0 0 0 9.5 

C2-SBS 0.0 0.0 5.9 0.0 0.0 0.0 0.0 0.0 5.3 0.0 0.0 4.9 

C2-SCR 0.0 0.0 4.8 0.0 0.0 0.0 0.0 0.0 4.2 0.0 0.0 8.7 

C2-DCR 0.0 0.0 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.7 

C2-BPS 0.0 0.0 4.2 0.0 0.0 0.0 0.0 0.0 4.2 0.0 0.0 9.4 

C2-BNC 0.0 0.0 4.2 0.0 0.0 9.0 0.0 0.0 4.2 0.0 0.0 10.0 

C2-CMP 0.0 0.0 0.0 0.0 0.0 9.0 0.0 0.0 4.5 0.0 0.0 6.3 

C3-CCR 0.0 0.0 4.2 0.0 0.0 0.0 0.0 0.0 4.2 0.0 N/A 9.8 

C3-BDR 0.0 0.0 4.2 0.0 0.0 0.0 0.0 0.0 5.3 0.0 N/A 10.6 

D1-NFR 0.0 0.0 4.2 0.0 0.0 0.0 0.0 N/A 0.0 0.0 N/A 9.0 

D1-PPR 5.2 0.0 4.2 0.0 0.0 0.0 0.0 N/A 0.0 0.0 N/A 9.7 

D1-VDR 0.0 0.0 4.2 0.0 0.0 28.2 0.0 N/A 0.0 0.0 N/A 8.2 

D1-SND 0.0 0.0 6.2 0.0 0.0 N/A 0.0 N/A 4.2 0.0 N/A 7.9 

D2-AR 0.0 0.0 4.9 0.0 11.3 35.6 0.0 4.3 4.4 0.0 0.0 8.7 

D2-SPS 0.0 0.0 4.2 0.0 0.0 26.4 N/A 0.0 0.0 0.0 0.0 5.9 

D2-ADR 0.0 0.0 4.9 0.0 0.0 0.0 0.0 0.0 4.2 0.0 0.0 9.2 

D2-GTR 0.0 0.0 4.2 0.0 0.0 38.2 0.0 4.2 0.0 0.0 0.0 8.5 

D2-DRD 0.0 0.0 4.2 0.0 0.0 16.9 0.0 0.0 0.0 0.0 0.0 7.0 

D2-MD 0.0 0.0 4.2 0.0 0.0 17.1 0.0 0.0 0.0 0.0 0.0 7.9 

D2-CCR 0.0 0.0 4.2 0.0 0.0 30.3 0.0 0.0 0.0 0.0 0.0 5.3 

D2-BHC 0.0 0.0 4.2 0.0 0.0 19.6 0.0 0.0 4.2 0.0 0.0 7.6 

* = Hinze Dam pump station (raw water). ** = Molendinar water treatment plant (raw water). *** = 

Molendinar water treatment plant (treated water). (N/A = Sample not collected)
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4.4.3  Bacterial counts 

Bacteria counts and percentage of live and dead bacteria were calculated for each 

sample. Bacterial numbers ranged from “too few to count” to 8.44 x 10
5
 cells/mL. 

Samples containing bacterial numbers lower than 1 x 10
3
cells/mL could not be 

counted accurately using the methodology described in section 3.3.2.5. and were 

considered as ‘too few to count’. No correlations were observed with bacterial 

numbers and concentration of geosmin and MIB. 

4.4.4  Actinobacteria counts 

Actinobacteria were measured at 8 of the 20 distribution system sample sites. Of the 

96 samples tested over 12 months, Actinobacteria were only detected in 11 of the 

samples. Numbers ranged from 2 to 10 cells/100mL (Table 4.5). No correlation was 

observed with Actinobacteria numbers and concentration of geosmin and MIB.  

 

Table 4.5 Number of Actinobacteria counted from the sampling sites in the 

reticulation system (cells/100mL) 

Site 
Jul
04 

Aug 
04 

Sep
04 

Oct 
04 

Nov
04 

Dec
04 

Jan
05 

Feb
05 

Mar
05 

Apr
05 

May
05 

Jun
05 

C2-SBS 0 0 0 0 0 0 0 0 0 0 0 0 

C2-BNC 0 0 0 0 0 0 0 0 0 0 0 0 

C2-CMP 0 0 0 0 6 8 0 2 0 2 0 0 

D1-SND 0 0 0 0 2 N/A 0 N/A 0 0 N/A 0 

D2-AR 0 0 0 0 0 0 0 0 0 2 2 0 

D2-SPS 0 0 0 0 0 0 N/A 0 0 0 0 0 

D2-CCR 0 0 0 10 8 0 0 0 0 6 0 0 

D2-BHC 0 0 0 0 0 0 0 0 0 0 2 0 

 

 

4.4.5  Biofilms 

No Actinobacteria were isolated from the collected biofilms on any of the sampling 

occasions. Additionally, geosmin and MIB was not detected in any of the biofilm 

samples on any of the sampling occasions. 
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4.5  Discussion  

The results from the treatment plant showed that on every sampling occasion in which 

geosmin was detected in raw water; less geosmin was detected in the treated water at 

the treatment plant. This is most likely due to the use of powdered activated carbon 

(PAC) at the water treatment plant to remove taste and odour compounds through the 

warmer months. It is also considered that removal of whole cyanobacterial cells 

through the filtration process would have some effect on reduction in geosmin 

concentrations (Bowmer et al., 1992; Chow et al., 1998; Chow et al., 1999). MIB was 

detected on only 2 of the 12 sampling occasions in both the raw water and the treated 

water at the treatment plant in September 2004 and June 2005. On these occasions 

PAC was not being used to remove taste and odour compounds and MIB was not 

removed by the treatment process. The sampling results from the dam and the 

treatment plant was used as a benchmark to predict geosmin and MIB concentrations 

in the treated water reticulation system. 

 

The purpose of the study was to examine the possibility that geosmin or MIB might 

be produced within the reticulation system. However, the observations of geosmin 

and MIB concentrations, along with the presence and numbers of Actinobacteria at 

the sample sites within the reticulation system and in the biofilm samples did not 

support the supposition that geosmin or MIB may be being produced within the 

system.  
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The study of the sample sites within the reticulation system showed that geosmin was 

detected at most sites on nearly every sampling occasion throughout the year. 

However, the concentration of geosmin at the sample sites was consistent with 

concentrations of geosmin found in raw water.  Therefore, these results did not 

support the supposition that geosmin may be being produced within the reticulation 

system. 

 

In contrast, the detection of MIB was more erratic. On 2 sampling occasions, (Sept 

2004 and June 2004) MIB was detected in nearly all sampling sites. The 

concentration of MIB on these two sampling occasions was consistent with the 

concentration of MIB in the raw water. However, on two other sampling occasions 

(December 2004 and March 2005) the concentration of MIB at some sites in the 

reticulation system was not consistent with concentrations found in raw water. The 

source of the MIB in the reticulation system on these two occasion cannot be 

confirmed, however, due to the difference in sampling time (up to three weeks) it 

cannot be discounted that the MIB detected in the reticulation system originated from 

the raw water. Also, the drinking water distribution system on the Gold Coast was 

very complex and was fed from more sources than the single treatment plant 

investigated during this study, therefore it cannot be discounted that the MIB detected 

in the reticulation system originated from other raw source waters.  Overall, The 

pattern of MIB detection is month-specific rather than site-specific. If taste and odour 

compounds were being produced post-treatment, it is anticipated that site-specific 

observation of unusual geosmin or MIB presence would be seen.  
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Although Actinobacteria have been shown to survive conventional water treatment 

and disinfection (Neimi et al., 1982), they were only detected in 11 of the 96 

reticulation site samples in which they were measured. In addition, the numbers of 

Actinobacteria in these samples were very low, up to 10 cells/100mL and there was 

no correlation with the concentration of geosmin or MIB from these samples. In this 

study, it is highly unlikely that Actinobacteria in the reticulation system contributed to 

the presence or concentrations of geosmin or MIB. 

 

The biofilms examined in this study were allowed to accumulate for up to 18 months 

and were sampled at 3-month intervals. During this time, no Actinobacteria, geosmin 

or MIB was detected on any sampling occasion. These results add further weight to 

the unlikelihood that geosmin and MIB was being produced in the reticulation system. 

However, in this study, the examination of the potential for biofilm-related 

microorganisms to contribute to taste and odour compounds in the reticulation system 

was limited to one sampling site using a single ‘introduced’ device.  Therefore, 

further examination of the role of biofilms in contributing the presence of taste and 

odour compounds in drinking water systems may be warranted in future studies. 

 

4.6  Conclusions 

This study did not find evidence to support the supposition that the taste and odour 

compounds, geosmin and MIB, were being produced by biofilm-attached or free 

Actinobacteria, post-treatment, in the reticulation system. Apart from one incident, 

the geosmin and MIB appears to be coming from the raw water storage but is reduced 

in concentration due to the various treatments used by Gold Coast Water. 
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Chapter 5 –Actinobacteria isolates: Identification and ability to 

produce geosmin and 2-Methylisoborneol  

 

5.1  Introduction 

Actinobacteria are a diverse group of microorganisms known to produce significant 

secondary metabolites including the taste and odour compounds geosmin and MIB 

(Zaitlin & Watson, 2006). Actinobacteria are ubiquitous organisms in many 

ecosystems and have been isolated from aquatic habitats, however the level of 

metabolic activity of Actinobacteria in aquatic environments is difficult to establish, 

as is their contribution to taste and odour events. As described in the Chapter 3, the 

number of Actinobacteria enumerated in the Hinze Dam did not correlate with the 

concentration of geosmin or MIB. However, the lack of correlation between numbers 

of Actinobacteria with geosmin and MIB does not exclude Actinobacteria from 

contributing to the presence and concentration of these taste and odour compounds in 

drinking water systems. The potential for Actinobacteria to contribute to taste and 

odour compounds in the Hinze Dam is explored later in Chapter 7. Firstly though, 

further characterisation of the organisms isolated from the dam was deemed important 

in order to assist in establishing the potential for these isolates to contribute to 

geosmin and MIB production in the system.  

 

Several studies have attempted to characterise isolated Actinobacteria with regards to 

geosmin and MIB production. These studies have shown that the ability to produce 

geosmin and MIB can vary between Actinobacteria species (Zaitlin et al., 2003a; 

Zaitlin et al., 2003b) and can also be influenced by environmental conditions 

(Sivonen, 1982). Zaitlin (2003b) isolated 41 Actinobacteria from suspended sediment 

in water samples and determined, on the basis of morphological studies, that 22 were 
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Streptomyces species and 19 were non-Streptomyces species (other Actinobacteria 

genera). Of the 41 isolates, 34% did not produce geosmin or MIB, 37% produced both 

geosmin and MIB, 17% produced geosmin only and 12% produced MIB only. 

Unfortunately, Zaitlin (2003b) did not attempt to correlate Actinobacteria numbers 

with geosmin or MIB concentrations for the ecosystem from which they were 

isolated. Microorganisms can be classified broadly on the morphology of the 

individual cell, the colony, cell wall type and cell shape; however, phenotypic 

identification is not as accurate as identification based on genotypic methods (Tortora 

et al., 1998).  

 

It is widely accepted in microbiology that comparison of the 16S rRNA gene 

sequence is the preferred genetic locus to identify and characterise microbial isolates 

(Clarridge, 2004). The sequence of the16S rRNA gene is highly conserved among all 

prokaryotic organisms due to the antiquity of its role in protein-synthesis (Fox et al., 

1980). Ribosomal RNA’s are ancient molecules, functionally constant, universally 

distributed, and moderately well conserved across broad phylogenetic distances (Fox 

et al., 1980). However, within a ribosomal RNA molecule there are variable regions 

that differ among different species allowing for differentiation between organisms. 

The variable regions, referred to as oligonucleotide signature sequences, are specific 

sequences that occur in most or all members of a particular phylogenetic group 

(Zhang et al., 2002). Similarities in sequences indicate some phylogenetic 

relationship. It is the degree of similarity in the sequences between two organisms that 

indicates their relative evolutionary relatedness. Thus signature sequences can be used 

to place microorganisms in the proper phylogenetic group (Zhang et al., 2002). There 

are three rRNA molecules within the structure of the prokaryote ribosome, 5S, 16S 
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and 23S (Madigan et al., 1997). The 16S and 23S molecules are large enough to be 

used as phylogenetic tools, containing approximately 1500 and 2900 nucleotides 

respectively, however the 16S rRNA molecule is experimentally more manageable 

and used more extensively in phylogenetic analysis (Fox et al., 1992). Also, large 

databases of thousands of genera and species have been accumulated over the past 20-

30 years, thus comparison of this gene is more robust than other less developed data. 

One disadvantage of 16S rRNA is that resolution issues may be experienced when 

comparing highly similar sequences (Fox et al., 1992). 

 

The aim of this study was to: 

 further characterise the Actinobacteria isolates collected from the Hinze Dam 

sampling program (refer Chapter 3) on the basis of their ability to produce 

geosmin and MIB;  

 identify the Actinobacteria isolates on the basis of its 16S rRNA sequence; 

and  

 examine the level of relatedness of each isolate to known geosmin and MIB 

producers. 

 

5.2  Material and methods 

5.2.1  The isolates 

Actinobacteria were isolated and counted as described in section 3.3.2.4. From each 

of the actinomycete isolation agar plates in which Actinobacteria were observed, 

several colonies were chosen for further isolation and purity. Isolates were regularly 

sub-cultured onto Actinomycete isolation agar (as described in section 3.3.2.4) and 

checked for purity using gram staining and microscopic observation. All isolates that 

were identified as ‘pure’ based on staining and microscopic observation were 
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subjected to DNA extraction and phylogenetic identification. This totalled 16 isolates 

(Table 5.1).  Twelve of the isolates came from water column samples collected from 

the Hinze Dam (Chapter 3), 2 isolates came from water samples collected from the 

Hinze Dam pump station (Chapter 4) and 2 isolates came from water samples 

collected from the Nerang River during a rain event (Chapter 3). 

 

Table 5.1 Description of isolates and details of the sample site and time 

Isolate name Date Collected Collection Place 

HDD001 13/7/05 Hinze Dam (9m) 
HDD002 13/7/05 Hinze Dam (9m) 
HDD003 13/7/05 Hinze Dam (9m) 
HDD004 13/7/05 Hinze Dam (9m) 
HDD005 13/7/05 Hinze Dam (9m) 
HDF001 9/3/05 Hinze Dam (15m) 
HDF002 9/2/05 Hinze Dam (15m) 
HDF003 12/1/05 Hinze Dam (15m) 
HDF004 9/3/05 Hinze Dam (15m) 
HDF005 13/7/05 Hinze Dam (15m) 
HDF006 12/1/05 Hinze Dam (15m) 
HDI001 13/7/05 Hinze Dam (24m) 
NR001 29/6/05 Nerang River 
NR002 29/6/05 Nerang River 
RWA001 4/5/05 Pump Station 
RWA002 9/2/05 Pump Station 

 

5.2.2  Maintenance and preservation of bacterial cultures 

All isolates used in this study were stored on glass beads in Modified Bushnell-Haas 

broth (MBHB) with 20% (w/v) glycerol at minus 80
o
C. When required, cultures were 

revived aseptically by adding a frozen bead to MBHB and incubating at 28
o
C with 

shaking at 180 rpm. Cultures were checked for purity by streak plate dilution on R2A 

agar (Oxoid) and microscopic observation with Gram staining. Revived cultures were 

maintained in MBHB or on R2A agar plates. 
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5.2.3  Genetic characterisation 

5.2.3.1  Isolation and extraction of genomic DNA 

The genomic DNA of each isolate was extracted and purified using the QIAGEN soil 

isolation and extraction kit (according to manufacturers instructions). Additional steps 

were taken to optimise cell lysis and DNA extraction which included adding 20µL of 

Proteinase K (20mg/mL) and 10µL of lysozyme (100mg/mL) to the initial bead tubes 

and incubating overnight at 37ºC. The bead beating time was also increased from 10 

to 30 min. DNA integrity was verified on a 1% agarose gel stained with 0.5 μg/mL of 

ethidium bromide to visualise the DNA.  

 

5.2.3.2  Amplification of 16S rRNA gene using the polymerase chain reaction (PCR) 

The 16S rRNA gene for each isolate was amplified by polymerase chain reaction 

(PCR) using universal primers 27f, 530f, 907r and 1429r (made and supplied by 

Proligo). Sequence of primers is listed in Table 5.2. Primers were diluted in TE buffer 

(10 mM Tris, 0.1 mM EDTA) to a concentration of 10 µM and stored at minus 20
o
C. 

Each PCR reaction contained 1 µL genomic DNA, 1 µL of forward primer (10 µM), 1 

µL of reverse primer (10 µM), 12.5 µL PCR master mix 2X (Promega) and made up 

to 25 µL with nuclease free water. Amplification was achieved using a Biorad 

thermocycler using the following protocol: initial denaturation at 96
o
C x 5 min; 

followed by 35 cycles x 96
o
C x 1 min, 40

o
C x 1 min, 72

o
C x 1.5 min; with a final 

extension at 72
o
C x 5 min, and held at 4

o
C. The specificity and size of the PCR 

fragment was verified using agarose gel electrophoresis on a 1% agarose gel with 0.5 

μg/mL ethidium bromide using a DNA ladder (Fermentas GeneRuler™ 100bp DNA 

Ladder Plus) as a standard. Once the PCR fragment size was confirmed, the 

remaining DNA from the initial extraction was used as a template for a 50 µL PCR 

reaction using double the quantity described above and following the same protocol. 
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After verification of PCR fragment size by agarose gel electrophoresis, the remaining 

45 µL of PCR product was then cleaned using a QIAGEN, QIAquick PCR 

purification kit (catalogue number 28140) according to the manufacturer’s 

instructions. DNA was stored at minus 20ºC.  

 

Table 5.2 Universal primers used for 16S rRNA amplification and sequencing 

Forward primers Sequence 

27f’ 5’- GAGTTTGATCCTGGCTCAG -3’ 

530f’ 5’- GTGCCAGCMGCCGCGG -3’ 

Reverse primers  

907r’ 5’- CCGTCAATTCMTTTRAGTTT -3’ 

1492r’ 5’- TACGGYTACCTTGTTACGACTT -3’ 

 

 

5.2.3.3  Sequencing 

Each amplified 16S rRNA gene was sequenced using the BigDye Terminator v3.1 

sequencing system (Applied Biosystems) using primers 27f, 530f, 907r, and 1492r. 

Sequencing reactions contained 2 µL of undiluted BigDye Terminator mix (Applied 

Biosystems), 2 µL TM buffer (400 mM Tris HCl pH 9 and 10mM MgCl2), 1 µL 

primer (3.2µM), 4.0 µL template DNA (PCR Product) and 1 µL MilliQ water, and 

were cycled through the following protocol; initial denaturation at 96
o
C x 1 min; 30 

cycles x 96
o
C x 30 seconds, 50

o
C x 15 seconds, 60

o
C x 4 min; and held at 4

o
C. 10 µL 

of the amplified DNA fragment was precipitated by using 40 µL of 76% ethanol. The 

tube was quickly vortexed, incubated at room temperature for 15 minutes and 

centrifuged at 14 000 x g for 40 minutes. The supernatant was removed and the pellet 

washed using 250 µL 70% ethanol, vortexed and centrifuged again at 14 000 x g for 

20 minutes and the supernatant removed. The pellet was air dried in a laminar flow 

hood for 30 minutes and stored at minus 20ºC. Sequencing was performed by Griffith 

University Sequencing Laboratory using a 3130x1 Capillary Electrophoresis Genetic 

Analyser. 
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5.2.3.4  Phylogenetic analysis 

The forward and reverse sequence of each 16S rRNA gene fragment was manually 

checked for sequence quality. Contigs of sequences were assembled using Bioedit 

(Ibis Therapeutics). Sequences were classified to genus level using the RDP10 

classifier (Wang et al., 2007) and subjected to Blastn analysis (Altschul et al., 1990) 

to identify possible close matches at species level available in the database. Where 

possible, type strain sequences of closely related organisms were obtained from the 

RDP10 database (Cole et al., 2007; Cole et al., 2009) to ensure sequence integrity. 

Where a type strain sequence was not readily available, sequences from closely 

related pure cultured representatives were used. Sequences were aligned using 

ClustalW (Larkin et al. 2007) and phylogenetic analysis was carried on sequences of 

between 1264 and 1349 nucleotides out using MEGA5 (Tamura et al., 2011). The 

phylogenetic tree was constructed using the neighbour joining method (Saitou & Nei, 

1987). Bootstrapping analysis was performed using 2000 replicates, and the 

percentage of replicate trees in which the associated sequences clustered together are 

shown (Felsenstein, 1985). Values less than 50% are not shown. The evolutionary 

distances were calculated using the Maximum Composite Likelihood method 

(Tamura et al., 2004) and are in the units of the number of base substitutions per site. 

The tree is presented as a rectangular cladogram (Hall. B, 2011) and branch lengths 

are shown under branches.  

 

5.2.4  Geosmin and MIB production and analysis 

Each isolate was analysed for geosmin and MIB production. Isolates were grown in 

Modified Bushnell Haas Broth as described in section 6.3.2 (Chapter 6) for 4 days at 

28
o
C. Culture was then analysed for geosmin and MIB as described in section 3.3.2.5. 
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5.3  Results 

5.3.1  Geosmin and MIB Production 

Of the 16 Actinobacteria isolates, 9 (56%) produced both geosmin and MIB, 2 (13%) 

produced geosmin only, 5 (31%) did not produce either geosmin or MIB and no 

isolates produced MIB only (Table 5.3 and Figure 5.1). 

 

Table 5.3 Ability of each isolate from Hinze Dam and Nerang River to produce 

geosmin and/or MIB  

Isolate  

Name 
Neither 

Geosmin  

or MIB 

Geosmin 

only 

MIB only Both 

Geosmin 

and MIB 

HDD001     

HDD002     

HDD003     

HDD004     

HDD005     

HDF001     

HDF002     

HDF003     

HDF004     

HDF005     

HDF006     

HDI001     

NR001     

NR002     

RWA001     

RWA002     
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Geosmin Only

13%

MIB Only

0%

Both

56%

Neither

31%

Geosmin Only

MIB Only

Both

Neither

 
Figure 5.1 Percentage of Actinobacteria isolates from Hinze Dam and Nerang River 

producing geosmin only, MIB only, both geosmin and MIB or neither geosmin nor 

MIB 

5.3.2  Phylogenetic analysis 

 

Partial length 16S rRNA gene sequences of between 1279 and 1349 nucleotides were 

obtained for each isolate. Sequences were subject to the RDP10 classifier tool and a 

Blastn search to identify possible close matches. Sequences have been submitted to 

GenBank (National Centre for Biotechnology Information). Accession number of 

each isolate is listed in Table 5.4. The type strain sequences of closely related 

organisms, where available, were used as reference sequences in the phylogenetic 

analysis. Streptomyces coelicolor has been used as the outgroup (Figure 5.2). This 

organism was chosen as it is a geosmin producing Actinobacteria, is the subject of 

investigations into physiological factors affecting geosmin production presented in 

Chapter 6 and is sufficiently different from the reference strains to behave as an 

outgroup. Tentative identification of each isolate based on the 16S rRNA gene 

sequence is listed in Table 5.4. 
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Figure 5.2 Phylogenetic tree (neighbour joining) of 16S rRNA sequences of isolates. Bootstrap values are from 2000 replicates, values < 50% 

are not shown. Branch lengths are shown below the branches. Isolates highlighted in yellow produced both geosmin and MIB. Isolates 

highlighted in blue produced geosmin only. Isolates not highlighted did not produce geosmin or MIB. 
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0.000

0.000

0.000
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Table 5.4  GenBank Accession numbers for 16SrRNA sequence and tentative 

identification for each isolate  

Isolate 

Name 

GenBank Accession numbes Tentative Identification 

HDD001 BankIt 1498817 HDD001 JQ247063 Streptomyces californicus cf. 

HDD002 BankIt 1498817 HDD002 JQ247064 Streptomyces californicus cf. 

HDD003 BankIt 1498817 HDD003 JQ247065 Streptomyces carnosus cf. 

HDD004 BankIt 1498817 HDD004 JQ247066 Streptomyces carnosus cf 

HDD005 BankIt 1498817 HDD005 JQ247067 Streptomyces carnosus cf 

HDF001 BankIt 1498817 HDF001 JQ247068 Streptomyces atratus cf. 

HDF002 BankIt 1498817 HDF002 JQ247069 Micromonspora chalcea cf. 

HDF003 BankIt 1498817 HDF003 JQ247070 Micromonspora chalcea cf. 

HDF004 BankIt 1498817 HDF004 JQ247071 Streptomyces atratus cf. 

HDF005 BankIt 1498817 HDF005 JQ247072 Streptomyces albidoflavus cf. 

HDF006 BankIt 1498817 HDF006 JQ247073 Streptomyces halstedii cf. 

HDI001 BankIt 1498817 HDI001 JQ247074 Streptomyces albidoflavus cf. 

NR001 BankIt 1498817 NR001 JQ247075 Streptomyces halstedii cf. 

NR002 BankIt 1498817 NR002 JQ247076 Streptomyces halstedii cf. 

RWA001 BankIt 1498817 RWA001 JQ247077 Micromonspora chalcea cf. 

RWA002 BankIt 1498817 RWA002 JQ247078 Streptomyces halstedii cf. 

 

Isolates HDD003, HDD004, and HDD005 produced both geosmin and MIB. 

Fragments of 16S rRNA gene sequences from these 3 isolates were 100% identical 

and clustered together. Although they plotted close to sequences from a geosmin 

producing species, Streptomyces tendae, the closest related cultured species was one 

that has not previously been reported as producing geosmin, Streptomyces carnosus.  

 

Isolates HDI001 and HDF005 produced both geosmin and MIB and clustered closely 

with Streptomyces albidoflavus, a reported geosmin producer (Dionigi, 1995). 

 

Isolates NR001, NR002, RWA002 and HDF006 also produced both geosmin and 

MIB and grouped together to form a clade. The16S rRNA gene sequences of these 

isolates were ≥ 99% identical and were also closely related (99% identical) to the 16S 

rRNA gene sequences of Streptomyces halstedii, a known geosmin producer (Blevins 

et al., 1995). These isolates were isolated from samples from different locations.
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Isolates HDD001 and HDD002 were the only isolates that produced geosmin but did 

not produce MIB, and formed a separate clade. Blast analysis revealed the most 

closely related 16S rRNA gene sequences to these isolates were sequences from 

Streptomyces californicus. S. californicus has not previously been reported as a 

geosmin or MIB producer. 

 

Isolates HDF001 and HDF004 did not produce geosmin or MIB, are ≥ 99% identical 

at the 16S rRNA gene sequence level, and are closely related to 16S rRNA gene 

sequences of Streptomyces atratus. S. atratus is not reported to produce geosmin or 

MIB. 

 

Isolates RWA001, HDF002 and HDF003 also did not produce geosmin or MIB, are 

≥99% identical at the 16S rRNA gene sequence level, and were classified as the 

Actinobacteria genus Micromonospora. Blast analysis showed these sequences were 

closely related to 16S rRNA gene sequences of Micromonspora chalcea. M. chalcea 

is an Actinobacteria and has not been reported to produce geosmin or MIB. 

 

5.4  Discussion 

 

As described in Chapter 3, the number of Actinobacteria enumerated in the Hinze 

Dam did not correlate with the concentration of geosmin or MIB, but the study did 

not exclude the possibility of Actinobacteria from contributing to the presence and 

concentration of these taste and odour compounds in drinking water systems. The 

results from this study of isolates from the Hinze Dam and Nerang River indicate that 

69% of the isolates were able to produce geosmin, or both geosmin and MIB under 

laboratory conditions. These results are similar to the results obtained by Zaitlin 
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(2003b) in which 66% of Actinobacteria isolates were able to produce geosmin, MIB 

or both geosmin and MIB. It therefore must be considered that there is significant 

potential for Actinobacteria to contribute to taste and odour events in the environment 

but there is a high likelihood that other factors impede or hinder the production of 

these compounds in the natural environment. Further examination of the effect of 

factors such as temperature and nutrient concentration on the production of geosmin 

in an Actinobacteria is presented in Chapter 6. 

 

Of the 16 isolates, 13 were identified as Streptomyces species and 3 as 

Micromonospora species. None of the Micromonospora isolates produced geosmin or 

MIB. Of the 13 Streptomyces species, 2 produced geosmin only, 9 produced both 

geosmin and MIB and 2 did not produce geosmin or MIB. The isolates have grouped 

together somewhat based on their ability to produce geosmin and/or MIB (Figure 

5.2). 

 

The tentative identification of the 16 isolates in this study may indicate production of 

geosmin and MIB in Streptomyces species not previously described as geosmin and/or 

MIB producers. The isolates HDD003, HDD004, and HDD005, were able to produce 

both geosmin and MIB in the laboratory, and formed a separate phylogenetic clade. 

While these isolates were closely related (98% sequence similarity) to known 

geosmin producing species, such as S. tendae (Dionigi et al., 1996), they clustered 

more closely with strains that have not previously been identified as geosmin or MIB 

producers in the literature.  

 

The isolates HDD001 and HDD002 were the only isolates that produced geosmin 

only in the laboratory, and these grouped together. They are shown grouping with S. 
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californicus, which also has not been previously identified as a geosmin producer. It 

is cautioned however that these groupings are tentative and based only on 16S rRNA 

gene sequence similarity, which is unable to distinguish between closely related 

strains (Fox et al., 1992). More rigorous identification of these isolates of interest 

including biochemical, physiological and in depth sequence analysis such as multi-

loci or genomic analysis must be carried out before identification can be confirmed. 

5.5  Conclusion 

All 16 isolates from the Hinze Dam and Nerang River water samples were confirmed 

as Actinobacteria. Sixty-nine percent of the isolates produced geosmin or both 

geosmin and MIB. All Actinobacteria isolates found to produce geosmin and/or MIB 

were identified as Streptomyces species. Isolates identified as the actinobacterium 

Micromonspora sp did not produce geosmin or MIB. Tentative identification reveals 

geosmin and/or MIB production in Streptomyces species not previously identified as 

geosmin and MIB producers. However, caution is recommended in interpreting this 

data as more rigorous identification analysis is required before identification can be 

confirmed. 
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Chapter 6  – Studies of physico-chemical factors influencing 

production of geosmin in Streptomyces coelicolor A3(2) 

6.1  Introduction  

The field study of the Hinze Dam presented in Chapter 3 revealed that elevated 

nutrient concentrations (phosphorus and nitrogen) coupled with elevated 

temperatures, triggered a bloom of Anabeana sp. and coincided with a taste and odour 

event. The field study also revealed correlations of manganese and iron with geosmin 

concentration that warranted further investigation. The intention of the laboratory-

based study presented in this chapter was to undertake a further investigation in order 

to better understand and characterise how specific changes to physico-chemical 

conditions impact on the production of geosmin. The specific physico-chemical 

conditions were chosen to represent those found in the field study that appeared to 

influence the taste and odour event or were correlated with the geosmin concentration 

in the dam. 

 

As discussed in Chapter 2, geosmin is a secondary metabolite produced by some 

species of cyanobacteria, Actinobacteria and fungi. Previous studies, both field-based 

and laboratory-based, have shown that many factors can influence the production of 

geosmin in organisms, with some physico-chemical factors enhancing production 

and/or release of geosmin and other factors inhibiting or reducing production and/or 

release of geosmin. Some laboratory-based studies have shown that various factors 

such as nutrient concentration and temperature affect the production of geosmin in 

Anabaena sp. (Blevins et al., 1995; Saadoun et al., 2001b; Wu et al., 1991) other 

cyanobacteria (Naes & Post, 1988; Naes et al., 1988; Wu & Juettner, 1988) and 

Streptomyces sp. (Blevins et al., 1995; Dionigi & Ingram, 1994; Schrader & Blevins, 

2001). Other field-based studies observe environmental conditions in order to 
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correlate these factors with the presence and concentration of geosmin (Dzialowski et 

al., 2009; Parinet et al., 2010). However, none of the published laboratory-based 

studies appear to have based the manipulation of culture conditions on specific 

physico-chemical conditions observed during field studies of a taste and odour event.  

 

Some of the previously published studies investigating physico-chemical factors in 

cyanobacteria have considered both cell-bound (intracellular) geosmin and released 

(extracellular) geosmin, as it is understood that many cyanobacteria species produce 

geosmin but may not actively release it until cell lysis occurs (Chow et al., 1998; 

Jahnichen et al., 2011; Saadoun et al., 2001b). These studies were therefore able to 

differentiate the effect of the physico-chemical factor on both the production of 

geosmin and the release of geosmin to the environment. Similar methods to 

differentiate between intracellular and extracellular geosmin have not been employed 

with the studies of physico-chemical factors on Streptomyces sp. Instead, analytical 

techniques employed to date measured both types of geosmin concurrently thus 

limiting the information that can be drawn from these studies. It has therefore not 

been determined if Actinobacteria retain geosmin intracellularly and if so, what 

factors stimulate or inhibit release of geosmin from the cell. 

 

The differentiation between cell-bound and released geosmin in studies of the effect 

of physico-chemical factors on geosmin production in Actinobacteria would provide 

further enhancement to the body of knowledge in this area and may also assist in the 

management of taste and odour events caused by Actinobacteria. For example, if 

Actinobacteria retain geosmin rather than release geosmin (as is with cyanobacteria) a 

management response to a taste and odour event could be to minimise cell lysis 
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during treatment. The study presented in this chapter describes a new process to 

separate and measure cell-bound geosmin from released geosmin in cultures of 

filamentous bacteria. 

 

Most studies examining the effects of various physico-chemical factors on geosmin 

production in microorganisms also recorded growth and presented the geosmin 

concentration as a factor of growth (refer Table 2.3). Measurements of growth in 

these studies included dry weight and wet weight biomass. Other parameters, such as 

pigment production, carbohydrates content and protein content have also been 

measured to gain better understanding of where cellular energy is directed (Naes & 

Post, 1988). However, there are no studies examining the effect of physico-chemical 

factors on geosmin production that have directly measured cellular energy, in the 

form of adenosine tri-phosphate (ATP).  

 

Dry weight analysis is a useful technique in measuring cellular growth in filamentous 

cultures (Stone et al., 1992) but is not a measure of metabolic activity. Metabolic 

activity is also not necessarily an indicator of growth. Growth is the formation of new 

cells (cell division) or increase in cellular size and content. Cellular energy is required 

for growth to occur, however, it is possible for cultures to have high levels of cellular 

energy yet produce little biomass and vice versa. That is, cellular energy may be 

directed to other cellular activities, such as the formation of secondary metabolites, 

rather than be directed to cell division. The measurement of cellular energy, in 

addition to growth, is therefore useful in experiments measuring the effects of varying 

physico-chemical factors on an organism’s ability to produce secondary metabolites.  
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The work presented in this chapter measures both dry weight (as an indicator of 

growth) and Adenosine Tri-phosphate (ATP) as an indicator of metabolic activity. 

ATP is the primary energy-transferring molecule in all living cells (Madigan et al., 

1997), is ubiquitous to all living cells and is rapidly degraded after cell death, 

therefore, it will be a good indicator of metabolic activity within the culture.  

 

6.2  Aim of this study 

The overarching aim of this study was to better understand and characterise whether 

changes in various physico-chemical conditions, such as those observed in the field 

study impact on the production of geosmin in a single organism culture under 

controlled laboratory conditions. 

 

Specifically, the aims of this study were to determine: 

 the effect of temperature on the production of geosmin by Streptomyces coelicolor 

A3(2); 

 the effect of changes in concentration of phosphorus, nitrogen, iron and 

manganese on the production of geosmin by S. coelicolor A3(2); 

 the effect of incubation time on the production of geosmin by S. coelicolor A3(2); 

 if geosmin was typically expressed intracellularly or extracellularly under each 

experimental condition; 

 the relationship of geosmin production under each experimental condition to,  

o cell growth (biomass), measured as dry weight and 

o metabolic activity, measured as adenosine tri-phosphate (ATP). 
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6.3  Materials and methods 

6.3.1  The organism 

An Actinobacteria, instead of a cyanobacterium, was chosen for this study for several 

reasons. Firstly, attempts had been made to grow several cyanobacterial species in 

laboratory cultures over a 12-month period without success. Growth either did not 

occur or, if it did, it was erratic and unpredictable and thus not conducive to 

comprehensive culture-based studies where consistent growth dynamics are 

paramount to the experiment. Secondly, the body of knowledge on physico-chemical 

factors influencing geosmin production was greater with cyanobacterial species than 

with Actinobacteria. It was therefore considered that more research with 

Actinobacteria would provide a useful contribution to the current body of knowledge 

as they may make significant contributions to taste and odour compounds in drinking 

water systems. 

 

The Actinobacteria, S. coelicolor A3(2), was chosen as the full genome of the 

organism had been completely sequenced (Benntley et al., 2002) and at the time of 

this study, significant advances in characterising the biosynthesis of geosmin had been 

achieved using this organism (Cane & Watt, 2003; Gust et al., 2003). It was 

considered that these factors may be useful in interpreting results from this study 

and/or that this research may lead to further understanding of the organism and its 

possible contribution to taste and odour events in drinking water. The potential for 

further work exploiting the complete genome data for unravelling the biosysnthetic 

pathways was also considered.  
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6.3.2  Culture conditions 

A pure culture of S. coelicolor A3(2) was kindly donated by Tobias and Helen Kieser 

of the John Innes Centre, Norwich, United Kingdom. This isolate was used for their 

whole genome sequence work. The organism was stored on beads in Modified 

Bushnell-Haas broth (MBHB) (Table 6.1) with 20% (w/v) glycerol at minus 80
o
C. 

When required, cultures were revived by aseptically adding a frozen bead to MBHB 

and incubating at 28
o
C on a shaker at 180 RPM. When growth was obvious, the 

cultures were checked for purity by streak plate dilution on R2A agar (Oxoid) and 

microscopic observation with Gram staining. Revived cultures were maintained in 

MBHB or on R2A agar plates. 

6.3.3  Experimental procedure 

Varying concentrations of phosphorus, nitrogen, iron and manganese were achieved 

by altering the ingredients of MBHB as shown in Table 6.1. MBHB contains a total 

phosphorus concentration of 405.5mg/L. Total phosphorus concentrations of 1mg/L, 

0.1mg/L and 0.01mg/L were achieved by altering the concentration (wt/vol) of 

K2HPO4 and KH2PO4. MBHB contains a total nitrogen concentration of 350mg/L. 

Total nitrogen concentrations of 10mg/L, 1mg/L and 0.1mg/L were achieved by 

altering the concentration (wt/vol) of NH4NO3. MBHB contains a total iron 

concentration of 34.4mg/L. Total iron concentrations of 10mg/L, 1mg/L and 0.1mg/L 

were achieved by altering the concentration (wt/vol) of FeCl3.6H2O. MBHB does not 

contain manganese. Total manganese concentrations of 10mg/L, 1mg/L and 0.1mg/L 

were achieved with the addition of MnSO4. The cultures were also grown in unaltered 

MBHB for each experimental condition.  

 

For each study, 100mL of medium in 250mL Erlenmeyer flasks (in triplicate) were 

inoculated with 100 L of pure culture of S. coelicolor A3(2) from MBH. To ensure 
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standardisation of inoculum, all cultures for all experimental conditions were 

inoculated at the same time from the same pure culture.  Triplicate cultures were 

incubated for either 3 or 11 days at 16
o
C, 23

o
C or 30

o
C and were shaken at 180 rpm. 

At the end of the incubation period, the culture was sacrificed. ATP was measured, 

dry weight was determined and culture was prepared for intracellular and extracellular 

measurement of geosmin. All flasks used in this experiment had been treated with 

Sigmacote® (Sigma) to stop biofilm growth on sides of flask. 

Table 6.1 Ingredients for standard and altered Modified Bushnell-Haas Broth 

(MBHB) to achieve different concentrations of total phosphorus, total nitrogen, total 

iron and total manganese 

 N
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Standard 
MBHB* 

 

1g 

 

1g 

 

1g 

 

0.1g 

 

0.1g 

 

0.01g 

 

0 

 

10g 

 

1L 

P @ 0.01 mg/L 1g 28.1 g 22 g 0.1g 0.1g 0.01g 0 10g 1L 

P @ 0.1 mg/L 1g 281 g 220 g 0.1g 0.1g 0.01g 0 10g 1L 

P @ 1mg/L 1g 2.81mg 2.2mg 0.1g 0.1g 0.01g 0 10g 1L 

N @ 0.1mg/L 0.29mg 1g 1g 0.1g 0.1g 0.01g 0 10g 1L 

N @ 1mg/L 2.9mg 1g 1g 0.1g 0.1g 0.01g 0 10g 1L 

N @ 10mg/L 29mg 1g 1g 0.1g 0.1g 0.01g 0 10g 1L 

Fe @ 0.1mg/L 1g 1g 1g 0.1g 0.29mg 0.01g 0 10g 1L 

Fe @ 1mg/L 1g 1g 1g 0.1g 2.9mg 0.01g 0 10g 1L 

Fe @ 10mg/L 1g 1g 1g 0.1g 29mg 0.01g 0 10g 1L 

Mn @ 0.1 mg/L 1g 1g 1g 0.1g 0.1g 0.01g 307 g 10g 1L 

Mn@ 1mg/L 1g 1g 1g 0.1g 0.1g 0.01g 3.07mg 10g 1L 

Mn @ 10mg/L 1g 1g 1g 0.1g 0.1g 0.01g 30.7mg 10g 1L 

*Standard MBHB contains Total P of 405.5mg.L, Total N of 350mg/L and Total Fe of  34.4 mg/L. 

 

Previous experiments (data not shown) were undertaken to define the typical growth 

curve of S. coelicolor A3(2) and determine best length of time for incubations. 

Following the same method described above, triplicate cultures were grown in MBHB 

and incubated at 30
o
C for between 1 and 14 days. Growth was measured by dry 

weight analysis and by epifluorescent microscopy (Section 3.3.2.3).  Lag phase 

occurred for the first 24 hours. Exponential growth occurred from day 2 to day 7, 

followed by stationary phase from day 8 to day 11. Death phase occurred after day 11. 
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It was considered that sampling at day 3 and day 11 provided good coverage of the 

typical growth curve of S. coelicolor A3(2) with cultures incubated for 3 days 

entering early phase of growth and cultures incubated for 11 days being in stationary 

to early death phase. 

6.3.4  Intracellular and extracellular geosmin measurements - optimisation of 

technique 

To separate S. coelicolor A3(2) cells from culture medium to allow for intracellular 

and extracellular measurements of geosmin and MIB, only glass  filtration units, 

pipettes and vessels were used. Optimisation experiments revealed loss of odour 

compounds from the medium when plastic pipettes, vessels and filtration units were 

used. Therefore, a glass solvent filtration apparatus (Alltech) with glass funnel, fritted 

glass support base and glass collecting flask was used. Additionally optimisation 

experiments using geosmin and MIB standards showed that geosmin and MIB 

absorbed to most filters, reducing the concentration of odour compounds in the filtrate 

(Figure 6.1).  

 

 

Figure 6.1 Percentage recovery rate of geosmin and MIB standards after filtration 

through various filter types (N=3, Error bars = one standard deviation) 
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Whatman GF(F) glass fibre filters (nominal pore size of 0.7 m) allowed maximum 

recovery of  geosmin (98.9%) and MIB (98.6%) from filtrate and were subjected to 

further testing to determine suitability to separate Streptomyces cells from culture 

media. To confirm the filter did not retain any free geosmin or MIB, after filtration of 

the standard, the Whatman filter was rinsed with 100 mL of Milli Q while still on the 

filtration apparatus. The filter was then removed, placed in a vial with 15mL of Milli 

Q water and subjected to Stir Bar Sorptive Extraction as previously described (refer 

section 3.3.2.5). No residual geosmin or MIB was recovered from the filters. This 

experiment was also repeated with spiked media with similar results. The filters were 

then examined for their effectiveness in separating cells from media. As the Whatman 

filters have a nominal pore size of 0.7 m it was considered that they should be 

effective in retaining Streptomyces cells as Streptomyces have a filamentous structure. 

This was confirmed by microscopic examination of filtrate and rinse water after 

filtration of a 4 day culture of S. coelicolor A3(2) in MBHM. Filtrate and rinse water 

were subjected to fluorescent microscopy as previously described (section 3.3.2.3). 

No cells were observed in filtrate or rinse water indicating that cells had been retained 

on the Whatman GF(F) glass fibre filter. 

6.3.5  Intracellular and extracellular geosmin measurements - experimental 

procedure 

After the incubation period, a 20mL aliquot of culture was passed through a Whatman 

GF(F) glass fibre filter placed on a glass solvent filtration apparatus as previously 

described. The filtration apparatus was prepared by rinsing with deionised water and 

then drying in an oven at 100ºC for 24 hours. The filtrate was collected immediately 

and decanted to a 15mL vial. The filtrate was the stored at 4ºC until SBSE GCMS 

could be performed to determine extracellular geosmin concentration.  
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The filter was rinsed with 100mL of milli Q water. The filter was removed from the 

apparatus then placed in a vial with 15mL of lysis solution containing 100mM NaCl, 

500mM Tris HCl (pH 8) and 10% SDS. The lid of the vial was tightly replaced and 

the filter and lysis solution was thoroughly shaken for 5 minutes, stored at room 

temperature for 24 hours then stored at 4ºC until SBSE GCMS could be performed to 

determine intracellular geosmin concentration. The filter remained in the vial during 

the extraction process for SBSE. Optimisation experiments were conducted to 

confirm the lysis solution was effective in compromising the cell wall of S. coelicolor 

A3(2). Cells subjected to the lysis solution for 24 hours were examined for cell wall 

damage using live/dead bacterial counts as described in section 3.3.2.3. 

6.3.6  ATP measurements 

ATP measurements were performed using the BacTiter-Glo™ Microbial Cell 

Viability Assay (Promega). The manufacturers protocols for measuring ATP from 

bacteria and for generating an ATP standard curve were optimised for use in these 

experiments. A volume of 100 L of each culture was pipetted onto a 96-well 

microtitre plate. A volume of 100 L of BacTiter-Glo™ Reagent was added to each 

well containing the culture. Contents were briefly mixed on an orbital shaker and 

allowed to incubate at room temperature for 10 minutes. Previous optimisation 

experiments (results not shown) revealed the ideal incubation time for S. coelicolor 

A3(2) was 10 minutes.  

 

A new ATP standard curve was generated for each experiment. ATP standard (Sigma 

FL-AAS) was serially diluted in sterile culture medium to final concentrations of 1 

M to 10pM. A volume of 100 L of each of the serial dilutions was pipetted onto a 

96-well microtitre plate, in triplicate. A volume of 100 L of BacTiter-Glo™ Reagent 
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was added to each dilution. Control wells containing sterile media were used to obtain 

a value for background luminescence.  A Wallace Victor
 
™ 1420 Multilabel Counter 

was used to measure luminescence. Plates were shaken twice for 1 second with a 60 

second delay between shakes. Luminescence was then read for 1 second in each well.  

6.3.7  Dry weight measurements 

A 20mL aliquot of each 100mL culture was centrifuged for 20 minutes at 8000xg in 

pre-heat treated (24 hours in drying oven at 80
o
C), pre-weighed centrifuge tubes. 

Supernatant was carefully removed and the remaining pellet was dried to a constant 

weight at 80
o
C for 48 hours. Weight of the tube and pellet after drying was subtracted 

from the weight of the empty tube to determine dry weight.  

6.3.8 Data analysis 

The effect of temperature, time and nutrient variation on geosmin, ATP and dry 

weight was evaluated using Graphpad PRISM
®
 (Version 5.0a). Pearsons correlations 

were used to determine correlation between dependant and independent variables. 

ANOVA and multiple comparison post hoc tests (using the Bonferroni method) were 

performed to determine the statistical significance of observed variation between 

temperature, time and nutrient concentration on the production of geosmin. This 

analysis was performed in Graphpad PRISM
®
 (Version 5.0a).  The calculation of 

means and standard errors and the production of graphs were also performed in 

Graphpad PRISM
®

 (Version 5.0a) and/or Microsoft Excel
®
  2004 for Mac. 
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6.4 Results 

6.4.1 Analysis of Variance  

A three way ANOVA was performed to examine the significance of variation in 

extracellular and intracellular geosmin production with changes in nutrient and 

micronutrient concentrations, temperature and time. Results revealed the effects of 

nutrient variation, temperature and time on geosmin production was significant for 

extracellular geosmin production (F=4.2, df=24, P<0.0001) but not for intracellular 

geosmin production (F=0.823, df=24, P= 0.704). 

 

Further analysis of the variance in extracellular geosmin was undertaken to identify 

the specific factors contributing to the variation. Two-way ANOVA for all 

extracellular geosmin data for day 3 revealed that temperature accounts for 

approximately 8.24% of the total variance (F=680.45, df=2, P<0.001) and nutrient 

concentration accounts for approximately 38.38% of the total variance (F=528.55, 

df=12, P<0.001). Analysis of extracellular geosmin data for day 11 revealed that 

temperature accounts for approximately 7.26% of the total variance (F=326.9, df=2, 

P<0.001) and nutrient concentration accounts for approximately 65.65% of the total 

variance (F=492.77, df=12, P<0.001). Comparison of extracellular geosmin data 

between day 3 and day 11 revealed that time accounts for less than 4% of the total 

variance (P<0.001). Multiple comparison post hoc tests (using the Bonferroni 

method) were performed to compare the variation of each nutrient concentration and 

determine the significance of variance. These results are discussed Sections 6.4.10 to 

6.4.13, examining the effect of specific nutrient concentrations on geosmin 

production. 
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6.4.2  The overall effect of temperature and time on geosmin production  

Overall, the highest total extracellular and intracellular geosmin concentration was 

measured in cultures incubated at the highest temperatures (Table 6.2). Additionally, 

measurements of extracellular geosmin exceeded measurements of intracellular 

geosmin under all experimental conditions.  Extracellular geosmin was detected and 

measured in 38 of the 39 culture conditions on day 3 and in all culture conditions on 

day 11 (Table 6.2). In contrast, intracellular geosmin was measured in only 19 of the 

39 culture conditions on day 3 and in 24 of the 39 culture conditions on day 11. 

Overall, higher concentrations of extracellular geosmin were detected in cultures 

incubated for 11 days than those incubated for 3 days. In contrast, concentrations of 

intracellular geosmin remained steady over time indicating that geosmin was being 

released rather than being retained intracellularly. 

Table 6.2 Summary of extracellular and intracellular geosmin concentration for all 

experimental conditions   

Temp Day 3 Day 11 

 Number of 

experimental  

conditions in  

which geosmin  

detected* and 

concentration  

range (ng/L) 

Total (sum) 

geosmin 

concentration 

from all 

experimental 

conditions* 

 

Number of  

experimental  

conditions in  

which geosmin  

detected* and 

concentration  

range (ng/L) 

Total (sum) 

geosmin 

concentration 

from all 

experimental 

conditions* 

 

Extracellular Geosmin 

16
o
C 12   (0 – 249) 551 13   (1.8 – 884) 1490 

23
o
C 13   (47.5 – 1210) 3990 13   (7.8 – 8100) 11900 

30
o
C 13   (12 – 5160) 8200 13   (8.0 – 9560) 18000 

 

Intracellular Geosmin 

16
o
C 0 0 5     (0 – 170) 260 

23
o
C 9     (0 – 637) 1140 9     (0 – 508) 955 

30
o
C 10   (0 – 935) 1400 10   (0 – 932) 1480 

*Total number of experimental conditions (nutrient variations) for each temperature variation = 13. 

Each variation performed in triplicate 
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6.4.3  The overall effect of temperature and time on geosmin production, biomass 

and ATP production on cultures grown in standard MBHB  

Figure 6.2 illustrates the effect of temperature and time on geosmin, biomass and ATP 

production on S. coelicolor incubated in standard MBHB (unaltered). The standard 

MBHB culture is the baseline for which all nutrient variation experiments are 

compared to. The data shows that the highest geosmin concentration occurred in 

cultures incubated at 30
o
C and the lowest geosmin concentration occurred in cultures 

incubated at 16
o
C on both day 3 and day 11 (Figure 6.2). 

 

On day 3, similar biomass production was observed at all temperatures however on 

day 11 increased biomass production was observed at higher temperatures (Figure 6.2 

A & B). This is in contrast to ATP production where increases in ATP concentration 

were observed at increasing temperatures at both day 3 and day 11 (Figure 6.2 C & 

D). Therefore, ATP coupled well with biomass in the latter stage of the growth phase 

of the cultures (day 11), but not in the early stages of growth (day 3). These results 

may indicate that in the early stages of growth (lag phase to early exponential growth 

phase – day 3) there was very little biomass formation, regardless of incubation 

temperature and metabolic activity or that dry weight measurements were not 

sensitive enough to measure differences between cultures when biomass formation is 

minimal.  
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Figure 6.2 Effect of temperature variation on extracellular geosmin and biomass 

production on day 3 (A) and day 11 (B) and on extracellular geosmin and ATP 

production on day 3 (C) and day 11 (D) of S. coelicolor in standard MBHB (N=3, 

Error bars = one standard deviation)  

 

6.4.4  Geosmin production in cultures incubated at 16
o
C 

Extracellular geosmin concentration in cultures incubated at 16
o
C ranged from below 

detection to 249ng/L when measured on day 3 and from 2 to 884ng/L on day 11 

(Figure 6.3). The highest extracellular geosmin concentration was observed in 

cultures containing reduced nitrogen concentrations of 0.1mg/L, 1.0mg/L and 

10mg/L. On day 3, all nitrogen-limited cultures produced more geosmin than the 

standard MBHB culture  (containing 350mg/L nitrogen), whereas all the other 

cultures containing various concentrations of phosphorus, iron and manganese 

produced less extracellular geosmin than the standard MBHB culture (Figure 6.3). 

However on day 11, cultures containing various concentrations of iron and manganese 

also produced more geosmin than the standard MBHB culture.  



 

118 

On day 3, no intracellular geosmin could be detected in any of the cultures incubated 

at 16
o
C (Figure 6.4). However, on day 11, intracellular geosmin was observed in all of 

the cultures containing nitrogen at reduced concentrations and in two of the cultures 

containing manganese at reduced concentrations. The highest concentration of 

intracellular geosmin was observed in the culture containing nitrogen at 10mg/L in 

which 170ng/L of geosmin was detected. No intracellular geosmin was detected in the 

standard MBHB culture on day 3 or day 11. 

Figure 6.3 Extracellular geosmin concentration measured on day 3 and day 11 of 

incubation at 16
o
C for all culture conditions (N=3, Error bars = one standard 

deviation) 

 

 

Figure 6.4 Intracellular geosmin concentration measured on day 3 and day 11 of 

incubation at 16
o
C for all culture conditions (N=3, Error bars = one standard 

deviation) 
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6.4.5  Geosmin production in cultures incubated at 23
o
C 

Extracellular geosmin concentration in cultures incubated at 23
o
C ranged from 48ng/L 

to 1210 ng/L when measured on day 3 and from 8ng/L to 8100ng/L when measured 

on day 11 (Figure 6.5). On both days, the highest extracellular geosmin concentration 

was observed in the cultures containing nitrogen at 10mg/L and the lowest 

concentration in the cultures containing phosphorus at 0.1mg/L (Figure 6.5). All 

cultures, except those containing reduced concentrations of phosphorus, showed an 

increase in extracellular geosmin concentration from day 3 to day 11. Extracellular 

geosmin concentration decreased in all cultures containing various concentrations of 

phosphorus indicating that very little geosmin was being produced and was probably 

volatilised and lost to the atmosphere during incubation. 

 

Intracellular geosmin was detected in all cultures containing reduced concentrations 

of nitrogen, iron and manganese and incubated at 23
o
C on both day 3 and day 11, 

however, no intracellular geosmin was detected in the standard MBHB culture and all 

the cultures containing reduced concentrations of phosphorus on both day 3 and day 

11 (Figure 6.6). Cultures containing nitrogen at 10 mg/L produced the highest 

concentration of intracellular geosmin on both day 3 and day 11 where 637ng/L and 

508ng/L were measured (Figure 6.6). 
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Figure 6.5 Extracellular geosmin concentration measured on day 3 and day 11 of 

incubation at 23
o
C for all culture conditions (N=3, Error bars = one standard 

deviation)   

 

 

 
 

Figure 6.6 Intracellular geosmin concentration measured on day 3 and day 11 of 

incubation at 23
o
C for all culture conditions (N=3, Error bars = one standard 

deviation) 

 

6.4.6  Geosmin production in cultures incubated at 30
o
C 

Extracellular geosmin concentration in cultures incubated at 30
o
C ranged from 12ng/L 

to 5160ng/L when measured on day 3 and from 8ng/L to 9560ng/L when measured on 

day 11 (Figure 6.7). Once again, the lowest concentrations were observed in cultures 

containing reduced phosphorus and the highest concentration in cultures containing 

nitrogen at 10mg/L. All cultures containing reduced concentrations of phosphorus 
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showed a decrease in extracellular geosmin production from day 3 to day 11, whereas 

all other cultures containing reduced concentrations of nitrogen, manganese and iron 

showed an increase in extracellular production from day 3 to day 11. The largest 

increase in extracellular geosmin production was observed in the culture containing 

nitrogen at 10ng/L, which increased from 5160ng/L on day 3 to 9560ng/L on day 11 

(Figure 6.7). 

 

All cultures incubated at 30ºC, except those containing reduced concentrations of 

phosphorus, produced intracellular geosmin. Cultures containing nitrogen at 10mg/L 

produced the highest concentration of intracellular geosmin on both day 3 and day 11, 

with 935ng/L being measured on day 3 and 932ng/L being measured on day 11 

(Figure 6.8). Intracellular geosmin concentration in the standard MBHB culture 

increased from 30ng/L on day 3 to 224ng/L on day 11 (Figure 6.8). All other cultures 

where intracellular geosmin was measurable produced similar concentrations on both 

day 3 and day 11 (Figure 6.8).  

 

 

Figure 6.7 Extracellular geosmin concentration measured on day 3 and day 11 of 

incubation at 30
o
C for all culture conditions (N=3, Error bars = one standard 

deviation) 
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Figure 6.8 Intracellular geosmin concentration measured on day 3 and day 11 of 

incubation at 30
o
C for all culture conditions (N=3, Error bars = one standard 

deviation) 

 

6.4.7  Intracellular retention of geosmin  

Intracellular geosmin was only detected in some of the culture conditions as 

demonstrated (Figure 6.4, 6.6 and 6.8). The cultures in which intracellular geosmin 

was not detected generally also had very low levels of extracellular geosmin. For the 

cultures in which intracellular geosmin was detected, there were no occasions when 

intracellular geosmin exceeded extracellular geosmin. To examine the relationship 

between intracellular and extracellular geosmin, the percentage of intracellular 

geosmin to total geosmin produced for all culture conditions was calculated (Figure 

6.9). Overall the cultures incubated at lower temperatures generally retained a higher 

percentage of intracellular geosmin than those incubated at higher temperatures. 

Additionally, cultures incubated for 11 days retained a lower percentage of 

intracellular geosmin than those incubated for 3 days. The highest percentage (38.1%) 

of retained geosmin observed, occurred in the culture containing nitrogen at 10 mg/L 

on day 3 incubated at 23
o
C, reducing to 4.5% on day 11.  
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These results indicate that geosmin can be retained intracellularly but is generally 

released extracellularly, particularly over longer incubation periods. The results also 

indicate that temperature affects the percentage of geosmin retained intracellularly. 

 

Correlations between intracellular geosmin concentration and extracellular geosmin 

concentration were undertaken from each temperature experiment for each nutrient 

concentration. A strong correlation (Pearson r) of 0.8157 was observed (n=230, 

P=<0.0001) showing a strong relationship between cell-bound geosmin and released 

geosmin. 
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Figure 6.9 Percentage intracellular geosmin to total geosmin for all cultures on both 

day 3 and day 11 incubated at 16
o
C (A), 23

o
C (B) and 30

o
C (C) (N=3, Error bars = 

one standard deviation) 
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6.4.8  Biomass production 

There was very little difference in biomass production between day 3 and day 11 in 

cultures incubated at 16ºC and 23ºC (Figures 6.10 and 6.11). There was also very 

little difference in biomass production between all cultures on day 3 regardless of 

incubation temperature. However, a significant increase in biomass production from 

day 3 to day 11 in all cultures incubated at 30ºC was observed. Of the cultures 

incubated at 30ºC, biomass ranged from 0.7 to 1.8mg/mL on day 3 and 8.6 to 

18.8mg/mL on day 11. Interestingly, the culture with the most biomass on day 11 was 

phosphorus at 1mg/L, which was also the culture with the least geosmin production. 

Biomass from all other cultures on day 11 ranged from 8.6 to 16.5mg/mL.  

 

Correlations between extracellular geosmin, intracellular geosmin and dry weight 

were examined for each triplicate sample. A weak correlation (Pearson r) of 0.1914 

was observed between extracellular geosmin to dry weight (n=230, P=0.0036) and no 

correlation (0.096) between intracellular geosmin to dry weight (n=234, P=0.1441). 

These results indicate that biomass production is a poor indicator of geosmin 

production and that variation of nutrient concentrations had generally little effect on 

biomass production. 
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Figure 6.10 Biomass production measured on Day 3 of incubation at 16
o
C, 23

o
C and 

30
o
C for all culture conditions (N=3, Error bars = one standard deviation) 

 

 

 

Figure 6.11 Biomass production measured on Day 11 of incubation at 16
o
C, 23

o
C and 

30
o
C for all culture conditions (N=3, Error bars = one standard deviation)
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6.4.9  ATP production 

Overall, ATP measurements better reflected the concentration of intracellular and 

extracellular geosmin that was measured. No ATP could be measured in any of the 

cultures containing reduced phosphorus at all 3 temperatures on both day 3 and day 

11. The highest ATP concentration was found in cultures containing nitrogen at 

10mg/L at all 3 temperatures on both day 3 and day 11 (Figures 6.12 and 6.13). 

 

Correlations between extracellular geosmin and intracellular geosmin to ATP were 

examined for each triplicate sample. A moderate correlation (Pearson r) of 0.6594 

between extracellular geosmin and ATP was found (n=230, P=<0.0001). A moderate 

correlation of 0.5008 was also found between ATP and intracellular geosmin (n=234, 

P=<0.0001). Additionally, There was a moderate correlation between biomass and 

ATP of 0.3886 (n=234, P=<0.0001). These results indicate that variation of nutrient 

concentrations had a profound effect on metabolic activity and that generally, energy 

was utilised in metabolic processes, including geosmin production, rather than 

growth. 
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Figure 6.12 ATP measured on Day 3 of incubation at 16
o
C, 23

o
C and 30

o
C for all 

culture conditions (N=3, Error bars = one standard deviation) 

 

 

 

Figure 6.13 ATP measured on Day 11 of incubation at 16
o
C, 23

o
C and 30

o
C for all 

culture conditions (N=3, Error bars = one standard deviation) 
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6.4.10  Effect of phosphorus concentration on geosmin production  

Results of geosmin concentration, biomass and ATP concentration for cultures with 

reduced phosphorus concentration is summarised in Table 6.3. In cultures incubated 

at 16ºC and 23ºC, the variation in extracellular geosmin concentration in all 

phosphorus-limited cultures to the standard MBHB culture was not significant 

(P>0.05) on both day 3 and day 11. In contrast, for cultures incubated at 30ºC, the 

variation in extracellular geosmin concentration in all phosphorus-limited cultures to 

the standard MBHB culture was significantly less than the standard MBHB (P<0.001) 

(Table 6.3). 

 

Intracellular geosmin and ATP was not detected in any of the cultures containing 

reduced phosphorus incubated at 16ºC, 23ºC and 30ºC, on day 3 or day 11 (Table 

6.5). The detection of extracellular geosmin and observation of biomass growth 

indicate that metabolic activity was occurring, however the concentration of ATP was 

below the limits of reporting accurate results. This shows that S. coelicolor  A3(2) is 

able to produce geosmin under limited phosphorus conditions and that geosmin is 

released from the cell rather than retained under these conditions. 
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Table 6.3 Effect of phosphorus concentration on geosmin production (ng/L), biomass 

(mg/mL) and ATP production (pg/mL), (Expressed as mean average ± Standard error. 

N=3) 

Experimental 

Condition 

Temp / [P] 

Extracellular 

Geosmin 

(ng/L) 

Intracellular 

Geosmin 

(ng/L) 

Biomass  

(mg/mL dry 

weight) 

ATP  

(pg/mL) 

Day 3         

16
o
C 0.01 mg/L* 5.2 ±0.5 0.0 ±0.0 1.42 ±0.40 0.00 ±0.0 

 0.1 mg/L* 5.2 ±0.3 0.0 ±0.0 2.46 ±0.23 0.00 ±0.0 
 1.0 mg/L 5.4 ±0.4 0.0 ±0.0 0.89 ±0.30 0.00 ±0.0 
 405.5 mg/L 8.3 ±2.2 0.0 ±0.0 1.56 ±0.57 0.00 ±0.0 
          

23
o
C 0.01 mg/L* 60 ±8.3 0.0 ±0.0 0.88 ±0.17 0.00 ±0.0 

 0.1 mg/L* 47 ±3.8 0.0 ±0.0 1.16 ±0.31 0.00 ±0.0 
 1.0 mg/L 57 ±4.8 0.0 ±0.0 2.70 ±0.80 0.00 ±0.0 
 405.5 mg/L 72 ±6.3 0.0 ±0.0 1.17 ±0.16 2.17 ±1.04 
          

30
o
C 0.01 mg/L* 26 ±5.4 0.0 ±0.0 0.70 ±0.08 0.00 ±0.0 

 0.1 mg/L* 26 ±2.2 0.0 ±0.0 1.17 ±0.35 0.00 ±0.0 
 1.0 mg/L 12 ±7.9 0.0 ±0.0 1.29 ±0.21 0.00 ±0.0 
 405.5 mg/L 307 ±72.9 30 ±30 1.40 ±0.34 33.3 ±10.6 

Day 11         

16
o
C 0.01 mg/L* 1.8 ±1.8 0.0 ±0.0 0.79 ±0.34 0.00 ±0.0 

 0.1 mg/L* 3.7 ±1.9 0.0 ±0.0 0.11 ±0.03 0.00 ±0.0 
 1.0 mg/L 2.4 ±2.4 0.0 ±0.0 0.19 ±0.02 0.00 ±0.0 
 405.5 mg/L 13 ±2.7 0.0 ±0.0 0.28 ±0.07 8.35 ±3.8 
          

23
o
C 0.01 mg/L* 8.7 ±0.4 0.0 ±0.0 0.85 ±0.30 0.00 ±0.0 

 0.1 mg/L* 7.8 ±0.6 0.0 ±0.0 0.83 ±0.19 0.00 ±0.0 
 1.0 mg/L 8.8 ±0.5 0.0 ±0.0 1.91 ±0.03 0.00 ±0.0 
 405.5 mg/L 434 ±21.9 0.0 ±0.0 3.02 ±0.52 171.9 ±64.8 
          

30
o
C 0.01 mg/L* 18 ±4.1 0.0 ±0.0 9.27 ±0.10 0.00 ±0.0 

 0.1 mg/L* 8 ±0.1 0.0 ±0.0 10.3 ±0.22 0.00 ±0.0 
 1.0 mg/L 8.6 ±0.7 0.0 ±0.0 18.8 ±0.53 0.00 ±0.0 
 405.5 mg/L 2865 ±553 224 ±112 16.5 ±0.50 303.3 ±58.3 

* Nutrient concentrations are within the range of Total P concentration measured in water column at 

Hinze Dam. Extracellular values in bold are significantly higher (P<0.001) than standard MBHB 

(405.5 mg/L phosphorus). Extracellular values in bold and italics are significantly lower (P<0.001) 

than standard MBHB. (Significance of variation determined using Bonferroni post hoc tests). 
 

 

The most interesting finding for the phosphorus limitation experiments is in regards to 

biomass formation, particularly for the cultures incubated at 30ºC. At this 

temperature, the largest biomass for all nutrient limitation experiments of 18.8mg/mL 

(dry weight) was recorded from the culture containing phosphorus at 1mg/L on day 

11. This is particularly interesting as no ATP was detected in this culture. 

Additionally, this culture had no detectable intracellular geosmin and one of the 
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lowest concentrations of extracellular geosmin of 8.6ng/L. Biomass increased from 

1.29mg/mL on day 3 indicating that significant cellular growth of the culture had 

occurred during the 8 day period. Growth, in terms of increased biomass, was not 

found in the culture containing 1mg/L phosphorus at the lower temperatures. At 30ºC, 

growth was also observed in the cultures containing phosphorus at 0.01mg/L and 

0.1mg/L however the growth pattern was similar to all of the other cultures grown at 

this temperature (Figure 6.14).  

 

These results indicate that phosphorus limitation had a profound effect on geosmin 

production at the highest temperature but not the lower temperatures when compared 

to the standard MBHB and other nutrient limitation experiments (Table 6.3). It also 

indicates that, at the highest temperature, cellular energy was directed to growth 

rather than the production of secondary metabolites. 
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Figure 6.14 Comparison of extracellular geosmin concentration to biomass 

production in cultures with altered phosphorus concentration on day 3 and day 11 of 

incubation at 16ºC, 23ºC and 30ºC. Solid line (G) = Geosmin, Dashed line (B) = 

Biomass (N=3, Error bars = one standard deviation) 
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6.4.11  Effect of nitrogen concentration on geosmin production  

 

Reduced nitrogen concentration was shown to have a profound effect on geosmin 

production as can be seen in Figures 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7. The highest 

geosmin concentration of all experimental conditions was observed in cultures 

containing nitrogen at 10mg/L. Results of geosmin concentration, biomass and ATP 

concentration for cultures with reduced nitrogen concentration is summarised in Table 

6.4. 

Table 6.4 Effect of nitrogen concentration on intracellular and extracellular geosmin 

concentration (ng/mL), biomass (mg/mL) and ATP production (pg/mL). (Expressed 

as mean average ± Standard error. N=3) 

Experimental 

Condition 

Temp / [N] 

Extracellular 

Geosmin 

(ng/L) 

Intracellular 

Geosmin 

(ng/L) 

Biomass  

(mg/mL dry 

weight) 

ATP  

(pg/mL) 

Day 3         

16
o
C 0.1 mg/L* 240 ±0.9  0.0 ±0.0 0.91 ±0.27 2.88 ±0.61 

 1.0 mg/L* 249 ±20.0 0.0 ±0.0 0.97 ±0.49 2.58 ±0.33 
 10 mg/L 28 ±16.9 0.0 ±0.0 0.22 ±0.06 7.32 ±2.18 
 350 mg/L 8.3 ±2.2 0.0 ±0.0 1.56 ±0.57 0.00 ±0.00 
          
23

o
C 0.1 mg/L* 350 ±22.1 48 ±2.8 1.14 ±0.06 21.0 ±5.62 

 1.0 mg/L* 933 ±42.8 182 ±29.3 1.02 ±0.07 30.6 ±4.70 
 10 mg/L 1210 ±297 637 ±320.2 1.15 ±0.21 68.2 ±13.9 
 350 mg/L 72 ±6.3 0.0 ±0.0 1.17 ±0.16 2.16 ±1.04 
          
30

o
C 0.1 mg/L* 330 ±39.5 56 ±4.2 1.68 ±0.58 49.4 ±13.7 

 1.0 mg/L* 802 ±43.9 101 ±56.9 1.65 ±0.23 117 ±17.3 
 10 mg/L 5160 ±27.6 935 ±128.2 1.81 ±0.26 319 ±37.3 
 350 mg/L 307 ±72.9 30 ±29.7 1.40 ±0.34 33.3 ±10.6 

Day 11         

16
o
C 0.1 mg/L* 48 ±3.3 22 ±0.4 1.24 ±0.29 23.8 ±7.45 

 1.0 mg/L* 215 ±116 44 ±2.2 0.58 ±0.10 28.6 ±4.83 
 10 mg/L 884 ±144 170 ±22.8 1.27 ±0.28 92.2 ±24.0 
 350 mg/L 12 ±2.7 0.0 ±0.0 0.28 ±0.07 8.35 ±3.84 
          
23

o
C 0.1 mg/L* 234 ±5.1 45 ±2.6 1.22 ±0.11 80.8 ±5.41 

 1.0 mg/L* 988 ±125 134 ±8.7 1.66 ±0.07 123 ±26.9 
 10 mg/L 8100 ±382 508 ±40.9 1.56 ±0.41 439 ±31.8 
 350 mg/L 434 ±21.9 0.0 ±0.0 3.02 ±0.52 172 ±64.8 
          
30

o
C 0.1 mg/L* 543 ±140 15 ±15 9.59 ±0.19 420 ±74.3 

 1.0 mg/L* 1080 ±157 30 ±30 9.33 ±0.23 870 ±388 
 10 mg/L 9560 ±198 932 ±37.5 8.64 ±0.17 963 ±80.2 
 350 mg/L 2870 ±553 224 ±112 16.49 ±0.50 303 ±58.3 

* Nutrient concentrations are within the range of Total N concentration measured in water column at 

Hinze Dam. Extracellular values in bold are significantly higher (P<0.001) than standard MBHB (350 

mg/L). Extracellular values in bold and italics are significantly lower (P<0.001) than standard MBHB. 

(Significance of variation determined using Bonferroni post hoc tests). 
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Cultures containing nitrogen concentration of 0.1mg/L produced significantly more 

extracellular geosmin than the standard MBHB culture (containing 350mg/L nitrogen) 

incubated at 16ºC on day 3 (P<0.001) and at 23ºC on day 3 (P<0.001) However, on 

day 11 there was no signification variation (P>0.05) in extracellular geosmin 

production for these cultures. In contrast, cultures incubated at 30ºC showed no 

significant variation in extracellular geosmin production on day 3 but on day 11, the 

standard MBHB culture produced significantly more extracellular geosmin than the 

culture containing nitrogen concentration of 0.1mg/L (P<0.001) (Table 6.4).  

Overall, cultures containing nitrogen at 0.1mg/L produced more geosmin on day 3 

than cultures containing 350mg/L nitrogen (standard MBHB), particularly at the 

lower temperatures, but did not maintain higher geosmin production over time.  

 

Cultures containing nitrogen at 1.0mg/L produced significantly more extracellular 

geosmin (P<0.001) than the standard MBHB culture (containing 350mg/L nitrogen) 

at all temperatures on day 3 and at 16ºC and 23ºC on day 11. (Table 6.4).  Cultures 

containing nitrogen at 10mg/L produced significantly more extracellular geosmin 

(P<0.001) than the standard MBHB cultures at at 23ºC and 30ºC on day 3 and at all 

temperatures on day 11. Additionally, cultures containing nitrogen at 10mg/L 

produced the highest concentration of extracellular geosmin and intracellular geosmin 

when compared to all other nutrient reduced cultures, with the exception of cultures 

incubated at 16ºC on day 3, as mentioned above. The three highest extracellular 

geosmin concentrations of 5160, 8100 and 9560ng/L were observed in the cultures 

containing nitrogen at 10mg/L  (Table 6.4).  
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Overall, the results for the reduced nitrogen concentration experiments demonstrate 

that S. coelicolor A3(2) produces significantly more geosmin when nitrogen 

concentration is reduced, particularly from 1mg/L to 10mg/L, than when it is in 

abundance. This was evident at all incubation temperatures.  

 

The ratio of extracellular and intracellular geosmin concentration to biomass and ATP 

production was analysed (Figure 6.15). On both day 3 and day 11 the highest 

extracellular geosmin to biomass value was observed in the cultures containing 

nitrogen at 10mg/L. A similar pattern is also seen in the intracellular geosmin to 

biomass values on both day 3 and day 11 (Figure 6.15).  

 

The highest extracellular geosmin to ATP values are also observed in the cultures 

containing nitrogen at 10mg/L on day 11, however on day 3, the culture containing 

350mg/L of nitrogen and incubated at 23
o
C had the highest value. This culture 

contained low concentrations of ATP when compared to other cultures, particularly in 

one of the triplicate samples, resulting in a high standard error rate in this calculation 

(mean = 0.246 ±0.221). The pattern of intracellular geosmin to ATP values follows 

the pattern of intracellular geosmin to biomass with the highest values being observed 

in the cultures containing nitrogen at 10mg/L and the lowest values in the culture 

containing 350mg/L of nitrogen (Figure 6.15).  

 

In general, biomass production was not reflective of geosmin production but ATP 

concentration (i.e. metabolic activity) was more aligned with geosmin production. 

These results indicate that with reduced nitrogen, cellular metabolism was geared 

towards production of geosmin rather than cell division.  
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Figure 6.15 Effects of different nitrogen concentrations on extracellular geosmin to 

biomass ratio day 3 (A) and day 11 (B), extracellular geosmin to ATP ratio day 3 (C) 

and day 11 (D) intracellular geosmin to biomass ratio day 3 (E) and day 11 (F) and 

intracellular geosmin to ATP ratio day 3 (G) and day 11 (H) at incubation 

temperatures of 16ºC, 23ºC and 30ºC (N=3, Error bars = one standard deviation) 
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The percentage of geosmin retained intracellularly was examined for the nitrogen-

limited cultures. In general, the percentage of intracellular geosmin was lower in 

cultures incubated at higher temperatures when compared to the lower temperatures 

and also lower in cultures incubated for 11 days when compared to 3 days (Figure 

6.16). On day 3, the percentage of geosmin retained intracellularly ranged from nil to 

38.1% and was lower in the cultures with lowest nitrogen concentration, and higher in 

the cultures with the highest nitrogen concentration, (with the exception of the 

standard MBHB, containing 350mg/L nitrogen in which, which was lower than the 

nitrogen limited cultures). In contrast, on day 11 the higher percentages of 

intracellular geosmin were observed in the cultures containing the lowest 

concentration of nitrogen and ranged from nil to 25.9% (Figure 6.16).  

 

 

Figure 6.16 Effect of different nitrogen concentrations on percentage of intracellular 

geosmin to total geosmin at incubation temperatures of 16ºC, 23ºC and 30ºC on day 3 

(A) and day 11 (B) (N=3, Error bars = one standard deviation) 
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6.4.12  Effect of iron concentration on geosmin production 

Total iron concentration in the Hinze Dam during the 13-month sampling period 

ranged from 0.02 to 3.30mg/L (refer to Chapter 3). Cultures were grown in media 

containing the following concentrations of iron: 0.1mg/L; 1.0mg/L; and 10mg/L; and 

were compared to the standard MBHB with a concentration of 34.4mg/L of iron. 

Results of geosmin concentration, biomass and ATP concentration for cultures with 

reduced iron concentration is summarised in Table 6.5. 

Table 6.5 Effect of iron concentration on intracellular and extracellular geosmin 

concentration (ng/mL), biomass (mg/mL) and ATP production (pg/mL). (Expressed 

as mean average ± Standard error. N=3) 

Experimental 

Condition 

Temp / [Fe] 

Extracellular 

Geosmin 

(ng/L) 

Intracellular 

Geosmin 

(ng/L) 

Biomass  

(mg/mL dry 

weight) 

ATP  

(pg/mL) 

Day 3         

16
o
C 0.1 mg/L* 0.0 ±0.0 0.0 ±0.0 0.53 ±0.21 1.32 ±0.05 

 1.0 mg/L* 1.4 ±1.4 0.0 ±0.0 0.80 ±0.43 0.67 ±0.35 
 10 mg/L 2.5 ±2.5 0.0 ±0.0 0.79 ±0.10 2.76 ±0.42 
 34.4 mg/L 8.3 ±2.2 0.0 ±0.0 1.56 ±0.57 0.00 ±0.00 
          
23

o
C 0.1 mg/L* 247 ±16.6 66.9 ±11.8 1.34 ±0.22 5.15 ±2.44 

 1.0 mg/L* 257 ±8.9 73.6 ±7.9 0.93 ±0.26 8.06 ±1.91 
 10 mg/L 141 ±62.8 8.5 ±8.5 1.19 ±0.13 11.3 ±4.50 
 34.4 mg/L 72.1 ±6.3 0.0 ±0.0 1.17 ±0.16 2.16 ±1.04 
          
30

o
C 0.1 mg/L* 295 ±3.1 41.8 ±21.6 0.86 ±0.14 2.61 ±2.61 

 1.0 mg/L* 177 ±42.5 62.3 ±16.0 0.90 ±0.10 6.35 ±5.03 
 10 mg/L 207 ±72.2 65.7 ±13.2 1.28 ±0.21 13.5 ±8.05 
 34.4 mg/L 307 ±72.9 29.7 ±29.7 1.40 ±0.34 33.3 ±10.6 

Day 11         

16
o
C 0.1 mg/L* 34.4 ±8.2 0.0 ±0.0 4.08 ±1.01 22.1 ±13.5 

 1.0 mg/L* 40.5 ±4.6 0.0 ±0.0 3.21 ±0.09 18.2 ±6.15 
 10 mg/L 74.2 ±9.7 0.0 ±0.0 1.36 ±0.11 12.9 ±2.92 
 34.4 mg/L 12.5 ±2.7 0.0 ±0.0 0.28 ±0.07 8.35 ±3.84 
          
23

o
C 0.1 mg/L* 368 ±5.4 58.5 ±29.9 1.70 ±0.24 40.1 ±19.1 

 1.0 mg/L* 462 ±84.8 74.4 ±6.9 1.65 ±0.19 25.1 ±15.7 
 10 mg/L 247 ±32.5 35.9 ±18.1 1.77 ±0.37 65.1 ±21.2 
 34.4 mg/L 434 ±21.9 0.0 ±0.0 3.02 ±0.52 172 ±64.8 
          
30

o
C 0.1 mg/L* 718 ±74.9 51.7 ±28.2 8.71 ±0.19 76.9 ±11.9 

 1.0 mg/L* 742 ±37.2 53.3 ±3.3 9.23 ±0.09 177 ±76.7 
 10 mg/L 994 ±35.9 38.6 ±5.4 9.60 ±0.09 133 ±56.2 
 34.4 mg/L 2870 ±553 224 ±112 16.5 ±0.50 303 ±58.3 
* Nutrient concentrations are within the range of Total Fe concentration measured in water column at 

Hinze Dam. Extracellular values in bold are significantly higher (P<0.001) than standard MBHB (34.4 

mg/L). Extracellular values in bold and italics are significantly lower (P<0.001) than standard MBHB 

(34.4 mg/L). (Significance of variation determined using Bonferroni post hoc tests). 
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There was no significant variation in extracellular geosmin production in all iron-

limited cultures incubated at 16ºC on both day 3 and day 11, when compared to the 

standard MBHB culture (containing iron at 34.4mg/L). Iron-limited cultures 

incubated at 23ºC produced significantly more (P<0.001) extracellular geosmin than 

the standard MBHB culture on day 3 but by day 11 the variation in extracellular 

geosmin was not significant. In contrast, there was no significant variation in 

extracellular geosmin production in all cultures incubated at 30ºC on day 3 but by day 

11 all iron-limited cultures produced significantly less (P<0.001) extracellular 

geosmin than the standard MBHB culture. 

 

When expressing geosmin concentration as a factor of biomass production it can be 

seen that in cultures incubated at lower temperatures geosmin concentration generally 

decreased as iron concentration increased, but at higher temperatures, geosmin 

concentration generally increased as iron concentration increased. The same pattern 

can be seen when expressing geosmin concentration as a factor of ATP production on 

day 3, however on day 11 there was similar geosmin concentration at all 

concentrations and temperatures (Figure 6.17). 
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Figure 6.17 Effects of different iron concentrations on extracellular geosmin to 

biomass ratio day 3 (A) and day 11 (B), extracellular geosmin to ATP ratio day 3 (C) 

and day 11 (D) intracellular Geosmin to biomass ratio day 3 (E) and day 11 (F) and 

intracellular geosmin to ATP ratio day 3 (G) and day 11 (H) at incubation 

temperatures of 16ºC, 23ºC and 30ºC (N=3, Error bars = one standard deviation) 
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The percentage of geosmin retained intracellularly was examined for the iron-reduced 

cultures. In general, the percentage of intracellular geosmin was lower in cultures 

incubated for 11 days when compared to 3 days. On day 3, the percentage of geosmin 

retained intracellularly ranged from nil to 20.8% and on day 11, ranged from nil to 

11.1%. The percentage of intracellular geosmin was also considerably lower in 

cultures incubated at 30
o
C on day 11, but not on day 3 (Figure 6.18). 

 

 

 

Figure 6.18 Effect of different iron concentrations on percentage of intracellular 

geosmin to total geosmin at incubation temperatures of 16ºC, 23ºC and 30ºC on day 3 

(A) and day 11 (B) (N=3, Error bars = one standard deviation) 
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6.4.13  Effect of manganese concentration on geosmin production 

Total manganese concentration in the Hinze Dam during the 13-month sampling 

period ranged from 0.01 to 0.98mg/L (refer Chapter 3). Cultures were grown in media 

containing the following concentrations of manganese: 0.1mg/L; 1.0mg/L; and 

10mg/L which were all compared to the standard MBHB containing no manganese. 

Results of geosmin concentration, biomass and ATP concentration for these cultures 

is summarised in Table 6.6. 

Table 6.6 Effect of manganese concentration on intracellular and extracellular 

geosmin concentration (ng/L), biomass (mg/mL) and ATP production (pg/mL) 

(Expressed as mean average ± Standard error. N=3) 

Experimental 

Condition 

Temp / [Mn] 

Extracellular 

Geosmin 

(ng/L) 

Intracellular 

Geosmin 

(ng/L) 

Biomass  

(mg/mL dry 

weight) 

ATP  

(pg/mL) 

Day 3         

16
o
C 0 mg/L 8.3 ±2.2 0.0 ±0.0 1.56 ±0.57 0.00 ±0.00 

 0.1 mg/L* 2.2 ±2.2 0.0 ±0.0 1.42 ±0.10 3.18 ±0.70 
 1 mg/L* 1.8 ±1.8 0.0 ±0.0 0.89 ±0.23 4.44 ±0.49 
 10 mg/L 2.1 ±2.2 0.0 ±0.0 0.14 ±0.01 3.00 ±0.88 
          
23

o
C 0 mg/L 72.1 ±6.3 0.0 ±0.0 1.17 ±0.16 2.16 ±1.04 

 0.1 mg/L* 232 ±15.8 26.2 ±13.1 1.60 ±0.35 14.9 ±3.88 
 1 mg/L* 193 ±27.5 43.3 ±7.6 0.93 ±0.01 30.8 ±8.06 
 10 mg/L 188 ±30.9 50.6 ±25.3 1.41 ±0.47 20.5 ±2.75 
          
30

o
C 0 mg/L 307 ±72.9 29.7 ±29.7 1.40 ±0.34 33.3 ±10.6 

 0.1 mg/L* 244 ±30.2 34.1 ±18.1 1.23 ±0.11 104 ±74.4 

 1 mg/L* 263 ±12.7 40.3 ±20.5 1.08 ±0.21 28.5 ±4.65 

 10 mg/L 352 ±57.2 31.1 ±15.6 1.39 ±0.13 55.1 ±26.1 

Day 11         

16
o
C 0 mg/L 12.5 ±2.7 0.0 ±0.0 0.28 ±0.07 8.35 ±3.84 

 0.1 mg/L* 95.9 ±8.2 7.8 ±7.8 1.30 ±0.07 19.4 ±6.06 
 1 mg/L* 62.2 ±34.7 16.7 ±8.4 1.02 ±0.03 18.1 ±4.93 
 10 mg/L 19.2 ±7.2 0.0 ±0.0 1.03 ±0.06 21.4 ±3.74 
          
23

o
C 0 mg/L 434 ±21.9 0.0 ±0.0 3.02 ±0.52 172 ±64.8 

 0.1 mg/L* 386 ±47.0 30.8 ±15.4 1.77 ±0.07 70.6 ±27.3 
 1 mg/L* 353 ±45.4 28.1 ±14.1 1.75 ±0.11 83.2 ±20.1 
 10 mg/L 317 ±56.6 37.5 ±2.1 4.69 ±3.14 80.7 ±15.7 
          
30

o
C 0 mg/L 2870 ±553 224 ±112 16.5 ±0.50 303 ±58.3 

 0.1 mg/L* 468 ±158 40.3 ±3.9 9.73 ±0.16 224 ±77.5 

 1 mg/L* 544 ±125 44.7 ±5.1 9.72 ±0.16 93.2 ±26.5 

 10 mg/ 470 ±45 49.1 ±11.8 9.89 ±0.39 147.4 ±31.0 

* Nutrient concentrations are within the range of Total Mn concentration measured in water column at 

Hinze Dam. Extracellular geosmin values in bold are significantly higher (P<0.001) than standard 

MBHB (containing no Mn). Extracellular values in bold and italics are significantly lower (P<0.001) 

than standard MBHB. (Significance of variation determined using Bonferroni post hoc tests). 
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There was no significant variation in extracellular geosmin concentrations in all 

cultures containing manganese when compared to standard MBHB (containing no 

manganese) at all temperatures on day 3 and at 16ºC and 23ºC on day 11. Cultures 

containing manganese and incubated at 30ºC for 11 days produced significantly less 

extracellular geosmin (P<0.001) than the standard MBHB. 

 

Intracellular geosmin concentration expressed as a factor of biomass generally 

decreased as concentration of manganese increased on day 3. There was no consistent 

pattern on day 11. This also contrasts with intracellular geosmin concentration 

expressed as a factor of ATP, which generally increased as the concentration of 

manganese increased on day 3. There was no consistent pattern on day 11 (Figure 

6.19). 

 

The percentage of geosmin retained intracellularly was examined for the cultures 

containing manganese. In general, the percentage of intracellular geosmin was lower 

in cultures incubated for 11 days when compared to 3 days and lower in cultures 

incubated at higher temperatures. On day 3, the percentage of geosmin retained 

intracellularly ranged from nil to 17.4 % and on day 11, ranged from nil to 11.7% 

(Figure 6.20) 
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Figure 6.19 Effects of different manganese concentrations on extracellular geosmin 

to biomass ratio day 3 (A) and day 11 (B), extracellular geosmin to ATP ratio day 3 

(C) and day 11 (D) intracellular Geosmin to biomass ratio day 3 (E) and day 11 (F) 

and intracellular geosmin to ATP ratio day 3 (G) and day 11 (H) at incubation 

temperatures of 16ºC, 23ºC and 30ºC (N=3, Error bars = one standard deviation) 
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Figure 6.20 Effect of different manganese concentrations on percentage of 

intracellular geosmin to total geosmin at incubation temperatures of 16ºC, 23ºC and 

30ºC on day 3 (A) and day 11 (B) (N=3, Error bars = one standard deviation) 

 

6.5  Discussion 

These studies revealed that geosmin production by S. coelicolor A3(2) was influenced 

by changes in culture conditions such as temperature, incubation time and nutrient 

concentration; that geosmin was most typically released extracellularly but some was 

also cell-bound; and that the amount of geosmin produced was not correlated with 

biomass production but was more readily correlated with ATP production, thus not 

necessarily coupled with growth. 

6.5.1  Influence of temperature on geosmin production in S. coelicolor A3(2) 

In general, cultures produced more geosmin when incubated at higher temperatures 

than at lower temperatures and produced more geosmin when incubated for longer 

periods. Biomass production (per mL of liquid culture) did not mimic the observed 

geosmin production (per mL of liquid culture) and did not show a linear increase 

according to temperature and time. These findings appear to indicate that cellular 

energetics were directed towards production of secondary metabolites rather than cell 
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growth, under these experimental conditions, with the exception of cultures incubated 

at 30
o
C for 11 days in which significant microbial growth was also observed. 

 

These findings of increased production of geosmin at higher temperatures concur with 

results of Blevins et al. (1995) and Diongi & Ingram (1994). Blevins et al. (1995) 

grew cultures of Streptomyces halstedii at varying temperatures for 5 days and found 

that optimal growth (biomass) occurred at 30
o
C and optimal geosmin production 

occurs at 35
o
C. However, they did not observe growth or geosmin production at 

temperatures of 40
o
C and higher. In contrast, Diongi & Ingram (1994) found that 

geosmin and biomass production in Streptomyces tendae occurred at temperatures up 

to 45
o
C with optimal production at 40

o
C. Interestingly, Blevins et al. (1995) also 

studied the effect of temperature on Anabaena sp. and found that increased 

temperatures (above 20
o
C) repressed geosmin production. These results were also 

confirmed by studies undertaken by Saadoun et al. (2001) where increasing 

temperature stimulated chlorophyll a production but repressed geosmin synthesis. As 

previously discussed, the synthesis of chlorophyll a production shares the same 

metabolic pathway as geosmin synthesis (Section 2.5.1). 

 

Overall, these research findings demonstrate that geosmin synthesis in S. coelicolor 

A3(2) is influenced by temperature and that significant geosmin synthesis can occur 

in cultures incubated at temperatures which are known to occur in the environment. It 

also demonstrates that the synthesis of geosmin does not correlate with biomass 

formation confirming that geosmin synthesis can be enhanced or repressed. That is, 

temperature can influence whether the organism directs its energy into production of 
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secondary metabolites or cell division. These results provide evidence that 

temperature plays a key role in the taste and odour events in source water. 

 

6.5.2  Influence of incubation time on geosmin production in S. coelicolor A3(2) 

The results demonstrate that higher concentrations of extracellular geosmin were 

present in cultures incubated for 11 days than those for 3 days for most experimental 

conditions regardless of temperature. However, it also appears that the rate of 

geosmin production in the first 3 days was generally higher than the rate of geosmin 

production for the remaining 8 days for most culture conditions. That is, an 

incremental rise in extracellular geosmin concentration between day 3 and day 11 was 

not observed, even though the cultures were considered to be in the exponential 

growth phase. Thus the rate of geosmin synthesis is not steady throughout the growth 

period of the culture and is highest in the early phases when nutrient availability is 

optimal, however, a time-series study would be ideal to investigate this further. 

 

6.5.3  Expression of geosmin in S. coelicolor A3(2) (intracellular vs. extracellular) 

The data demonstrated that very little geosmin is retained intracellularly in S. 

coelicolor A3(2) under all culture conditions and that temperature and incubation time 

influence the amount of cell-bound geosmin. It was found that cultures incubated at 

higher temperatures generally retained less geosmin intracellularly than those 

incubated at lower temperatures. It was also found that cultures incubated for 11 days 

retained less geosmin intracellularly than those incubated for 3 days. This study 

confirms that, unlike many cyanobacteria, geosmin is generally released from S. 

coelicolor A3(2) cells once synthesised. Thus the converse has been observed in 
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cyanobacteria where more than 99% of produced geosmin can be retained 

intracellularly at times (Wu & Juettner, 1988).  

 

This finding could potentially impact the management of non-cyanobacterial taste and 

odour events impacting on drinking water quality. The goal of drinking water 

treatment during taste and odour events resulting from cyanobacteria is to remove 

whole cells and prevent lysis during the treatment process to protect against cell-

bound geosmin being released into the water. This delicate process may not be 

essential for non-cyanobacterial taste and odour events, however, further research 

with other Streptomyces species and geosmin-producing organisms should be 

undertaken to confirm if other Streptomyces retain geosmin intracellularly or release 

it. 

6.5.4  The relationship between growth and metabolism in relation to geosmin 

production in S. coelicolor A3(2) 

The relationship of geosmin production to cell growth (biomass), measured as dry 

weight, and metabolic activity, measured as adenosine tri-phosphate (ATP), under 

each experimental condition was examined. This study revealed that there was no 

correlation with geosmin production to biomass production confirming that geosmin 

synthesis does not occur as a steady state factor per cell, but rather as a metabolic 

activity that can be repressed or enhanced by other factors. Therefore biomass is not a 

reliable indicator of geosmin synthesis.  

 

ATP was shown to have a significant correlation with geosmin synthesis revealing 

that geosmin synthesis may be directly relational to metabolic activity. This is a very 

interesting finding and indicates that under these experimental conditions, cellular 

energy is directed in part towards geosmin synthesis more so than growth (cell 
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division). There are no other existing studies that have examined the relationship of 

geosmin synthesis directly with cellular energy in any organism. 

 

6.5.5  The effect of nutrient concentrations on geosmin production in S. coelicolor 

A3(2) 

The studies also revealed that geosmin production by S. coelicolor A3(2) could be 

strongly influenced by changes in nutrient concentration. All cultures with 

adjustments to nutrient concentrations behaved differently to the cultures in the 

standard MBHB with regards to geosmin production; however the most significant 

variations were seen with cultures containing reduced phosphorus and nitrogen.  

 

6.5.5.1  Manganese 

Substantial geosmin production occurred in cultures that did not contain manganese 

(standard MBHB) indicating that manganese is not essential for geosmin production 

in S. coelicolor  A3(2). There was no significant variation in geosmin production in 

cultures containing manganese when compared to the standard MBHB, with the 

exception of cultures incubated at 30
o
C for 11 days, where significantly less geosmin 

was produced. Schrader and Blevins (2001) examined the effect of manganese on 

geosmin production in cultures of Streptomyces halstedii and found that high 

concentrations of manganese (at 100mg/L) inhibited geosmin production. It should be 

noted that these researchers only included experiments with cultures incubated at 

30
o
C. The results from this study concur with those of Schrader and Blevins (2001) 

and indicate that the presence of manganese, at concentrations found in the dam (up to 

1mg/L) and at temperatures found in the dam, may not influence geosmin production 

by Streptomyces species. 
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6.5.5.2  Iron 

Cultures of S. coelicolor  A3(2) containing reduced concentrations of iron yielded 

results similar to the cultures containing various concentrations of manganese. There 

was no significant variation in geosmin production in cultures containing manganese 

when compared to the standard MBHB, with the exception of cultures incubated at 

30
o
C for 11 days, where significantly less geosmin was produced.  Schrader and 

Blevins (2001) also examined the effect of iron on cultures of S. halstedii incubated at 

30
o
C and found that increasing concentrations of iron inhibited geosmin and biomass 

production. The concentrations of iron examined by Schrader and Blevins (2001) 

ranged from nil to 430.7µM (approx 24mg/L), which were lower than the highest 

concentration used in this study. The results of this study do not concur with the 

findings of Schrader & Blevins (2001), particularly for the cultures incubated at 30
o
C. 

Further examination of the responses to increases in iron concentration by 

Streptomyces species is warranted to examine these apparently contradicting results.  

 

6.5.5.3  Phosphorus 

Phosphorus limitation was shown to have a profound inhibitory effect on geosmin 

production in S. coelicolor  A3(2) at the highest temperature but not the lower 

temperatures when compared to the standard MBHB and other nutrient limitation 

experiments. There was also little difference in geosmin production between all the 

cultures in which phosphorus was reduced (0.01mg/L to 1mg/L) under each of the 

experimental conditions. Under all conditions, the highest geosmin concentration was 

in the cultures containing the highest concentration of phosphorus (405.5mg/L). 

These results concur with those of Schrader & Blevins (2001) who also found 

maximal geosmin production for S. halstedii occurred at the highest concentration of 

phosphorus tested of 36.2µM (approximately 1.12mg/L) in cultures incubated at 
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30
o
C. Other studies with cyanobacteria have also shown that decreasing concentration 

of phosphorus results in decreasing biomass and geosmin production (Naes et al., 

1988; Saadoun et al., 2001b). 

 

These result indicate that S. coelicolor A3(2) is able to produce geosmin under limited 

phosphorus conditions, similar to those found in the dam, but optimal geosmin 

production occurs with higher concentrations of phosphorus. These results are not 

surprising as phosphorus is considered an essential (or limiting) element to cell 

growth and metabolism. Phosphorus is a key component of nucleic acids, energy 

transfer (ATP), cellular membranes (phospholipids) and is also involved in the 

isoprenoid pathway (see Figure 2.1) with pyrophosphates being the precursors to 

geosmin molecules (Madigan et al. 1997). 

6.5.5.4  Nitrogen 

The most significant result from all of the nutrient limitation experiments was 

observed with cultures containing reduced nitrogen. The results for the nitrogen 

limitation experiments demonstrate that S. coelicolor A3(2) produces significantly 

more geosmin when nitrogen is reduced than when it is in abundance. This was 

evident at all incubation temperatures. These results suggest that higher nitrogen 

concentrations inhibit geosmin production or that low nitrogen concentrations favour 

geosmin production. Other studies with cyanobacteria have reported similar results 

with Anabaena sp. (Saadoun et al., 2001b; Wu et al., 1991) and Oscillatoria brevis 

(Naes & Post, 1988), both producing more geosmin under nitrogen limitation studies. 

Blevins et al. (1995) also observed increased geosmin production in nitrogen-reduced 

cultures of S. halstedii grown at 30
o
C. The role of nitrogen in the production of 

geosmin is unclear but is worthy of further investigation. 
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6.6  Conclusions 

 

This study demonstrated that geosmin production by S. coelicolor A3(2) was 

influenced by culture conditions with changes to temperature, incubation time and 

nutrient concentration. 

 

In particular, this study demonstrated that: 

 the amount of geosmin produced by S. coelicolor A3(2) was generally higher 

with increased temperatures; 

 generally, more geosmin was produced by cultures of S. coelicolor A3(2) 

incubated for longer periods, however, the rate of geosmin synthesis was not 

steady throughout the growth period of the culture and was highest in the early 

phases; 

 the amount of geosmin produced by S. coelicolor A3(2) was not correlated with 

biomass production but more readily correlated with ATP production, thus not 

necessarily coupled with growth;  

 geosmin was most typically released extracellularly by S. coelicolor A3(2) but 

some geosmin was also cell-bound; 

 the presence of manganese and iron, at concentrations found in the dam, may not 

influence geosmin production by S. coelicolor A3(2);  

 the presence of nitrogen, at concentrations found in the Hinze dam, favoured 

geosmin production by S. coelicolor A3(2); and 

 that S. coelicolor A3(2) is able to produce geosmin under reduced phosphorus 

conditions, similar to those found in the dam, but optimal geosmin production 

occurs with higher concentrations of phosphorus. 
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Chapter 7 –Taste and odour potential from Actinobacteria in Hinze 

Dam 

 

7.1  Introduction 

The study undertaken in the Hinze Dam during 2004 and 2005 implicated the 

cyanobacterium, Anabaena sp. as the culprit for the taste and odour event that 

occurred in the surface layers between November 2004 and January 2005. The study 

found no correlation between Actinobacteria numbers and the concentration of 

geosmin or MIB, both in the surface layers and throughout the depth of the dam 

waters. It is noted that low concentrations of geosmin were measured in most dam 

water samples collected throughout the year. The source of geosmin in these samples 

was not identified and cannot be attributed to Anabaena, particularly in the lower 

depth samples prior to the taste and odour event. It is speculated that Actinobacteria, 

even though low in numbers, may be responsible for the constant low concentrations 

of geosmin in these samples. 

 

Further characterisation of the Actinobacteria isolated from the samples taken in this 

study reveal that that 69% of the isolates were capable of producing geosmin alone or 

both geosmin and MIB (refer Chapter 5). The laboratory-based study on S. coelicolor 

also revealed that geosmin could be produced at temperatures and nutrient 

concentrations found in the dam waters. Therefore, there appears to be potential for 

Actinobacteria to contribute to the presence of taste and odour compounds, even 

though no correlations were found.  

 

Further investigation of the data from both the field study and the laboratory study 

together with findings in the literature has been undertaken to: 
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 consider the source of Actinobacteria in the Hinze Dam, 

 explore the potential for production of taste and odour compounds by 

Actinobacteria in the Hinze Dam, and 

 consider factors that may be limiting or prohibiting production of taste and odour 

compounds by Actinobacteria in the Hinze Dam.  

 

7.2  Source of Actinobacteria 

 

The study undertaken in the Hinze dam during 2004 and 2005 did not determine the 

sources of Actinobacteria. As such, it is not clear if the Actinobacteria isolated from 

the Hinze dam were autochthonous microorganisms or were transported to the dam 

during rain events or via sediment upheaval. Sampling of the Nerang River and 

Waterfall Creek undertaken during a rain event indicated the presence of 

Actinobacteria in the inflow to the Hinze dam (Table 3.7). Therefore, to further 

explore the potential source of Actinobacteria, a comparison between the total 

numbers of Actinobacteria isolated each month and monthly rainfall at the dam 

(Figure 7.1) and total number of Actinobacteria isolated each month and dam capacity 

(Figure 7.2) was undertaken. Regression analysis revealed no correlation between 

numbers of Actinobacteria and rainfall, but a moderate correlation of 0.4492 (P= 

0.1657) between number of Actinobacteria and dam capacity was observed. This 

correlation may indicate that run-off into the dam, as a result of rainfall, could be a 

contributing factor to the fluctuating numbers of Actinobacteria in the water column. 
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Figure 7.1 Comparison of total monthly rainfall recorded at the Hinze Dam to total 

Actinobacteria numbers counted during each monthly sampling occasion 

 

 

 

 
 

Figure 7.2 Comparison of dam capacity (as a percentage of fullness) at the end of 

each month to total Actinobacteria numbers counted during each monthly sampling 

occasion 

 

To further consider the potential sources of Actinobacteria, the relationship of 

Actinobacteria numbers to turbidity in the dam has been examined. Regression 

analysis of 101 samples from the Hinze Dam revealed a moderate correlation of 

0.3771 (P=<0.0001) between turbidity and numbers of Actinobacteria. Regression 

analysis also revealed a strong correlation of 0.8944 (P=0.0002) between turbidity and 

rainfall (Figure 7.3). This correlation indicates that elevated turbidity in the dam may 

be associated with rainfall and may be due to run-off into the dam from the 

catchment. As Actinobacteria numbers were also correlated with turbidity, these 
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results could indicate that Actinobacteria may be associated with the presence of 

suspended particulate matter in the water column as a result of run off. However, 

further studies would be required to confirm this association. 

 

 

Figure 7.3 Comparison of total monthly rainfall recorded at the Hinze Dam to 

average monthly turbidity measured during each monthly sampling occasion  

 

7.3  Relationship of Actinobacteria to geosmin and MIB 

As discussed in Chapter 3, there was no correlation between Actinobacteria numbers 

and the concentration of geosmin and MIB (Table 3.3). Regression analysis for this 

correlation was performed on each sample at each depth. To further explore the 

occurrence of Actinobacteria and their relationship to geosmin and MIB, a closer 

examination of totals of these parameters on both a month to month and an individual 

depth basis has been undertaken. The comparison between the total number of 

Actinobacteria and total geosmin and MIB concentration per month from Sept 2004 

to July 2005 is shown in Figure 7.4. At first glance, there appears to be similarities 

with total Actinobacteria and total geosmin from month to month, which contradict 

the regression analysis results. There are no observable trends or relationships 

between total Actinobacteria and total MIB. 
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Figure 7.4 Comparison of total geosmin and MIB concentration to total 

Actinobacteria numbers counted during each monthly sampling occasion at the Hinze 

Dam (Total = sum of results from each layer) 

 

Further examination of the concentration of geosmin and MIB to Actinobacteria at 

each depth profile was then undertaken to explain the contradiction with the 

regression analysis results (Figure 7.5). These results show that numbers of 

Actinobacteria generally increased with depth, whereas concentration of geosmin and 

MIB generally decreased with depth. The total numbers of Actinobacteria in the lower 

levels of the dam (from 15m to 24m) were much higher than the total numbers from 

the surface to 12m. These results may indicate that Actinobacteria in the lower depths 

may be responsible for the low concentrations of geosmin observed throughout the 

year in the lower depths. It may also indicate sediment inflow or resuspension may be 

contributing to the numbers of Actinobacteria in the water column, particularly 

considering the correlation of Actinobacteria with turbidity. However, further studies 

would be necessary to determine any causal relationship or association with 

Actinobacteria to geosmin concentration and with sediment.  
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Figure 7.5 Comparison of total geosmin and MIB concentration to total 

Actinobacteria numbers counted during monthly sampling period (Sept 2004 to July 

2005) at the Hinze Dam (Total = sum of results from each month) 

 

7.4  Potential for taste and odour production 

 

Although regression analysis undertaken for the field study (Chapter 3) revealed no 

correlation between Actinobacteria numbers to geosmin and MIB, further analysis of 

the Actinobacteria isolated from the field study revealed that 69% of the isolates were 

capable of producing geosmin alone or both geosmin and MIB (Chapter 5). The study 

with S. coelicolor (Chapter 6) also revealed that geosmin could be produced under 

temperature and nutrient conditions similar to those in the dam. Therefore there 

appears to be potential for Actinobacteria in the Hinze Dam to produce geosmin and 

MIB in the water column. It is also possible that Actinobacteria, even though low in 

numbers, may be responsible for the constant low concentrations of geosmin in the 

samples when no Anabaena sp. were detected. Further analysis has been undertaken 

in order to determine the factors that may hinder the ability of Actinobacteria to 

actively produce geosmin and/or MIB in the water column. 
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7.4.1  Association of Actinobacteria to physico-chemical parameters  

Regression analysis of Actinobacteria to the physico-chemical parameters measured 

in the samples taken from the Hinze Dam was undertaken to explore the potential of 

these parameters in hindering or limiting the production of taste and odour 

compounds from Actinobacteria. No correlations were found with numbers of 

Actinobacteria to temperature, redox potential, pH, dissolved oxygen and carbon. 

Moderate correlations were observed with Actinobacteria to turbidity and nutrients 

(Table 7.1) 

Table 7.1 Correlation of Actinobacteria numbers to physico-chemical parameters in 

Hinze Dam (number XY pairs = 101) 

Parameter  Pearson r P value (two-tailed) 

Turbidity 0.3771 0.0001 

Ammonia Nitrogen 0.5091 <0.0001 

Total Nitrogen 0.2316 0.0198 

Orthophosphate  0.3604 0.0002 

Total Phosphorus 0.4782 <0.0001 

Iron (filterable) 0.5657 <0.0001 

Total Iron 0.5834 <0.0001 

Manganese (filterable) 0.4698 <0.0001 

Total Manganese 0.4671 <0.0001 

 

Further examination of physico-chemical parameters was undertaken to determine if 

they are potential factors inhibiting the production of geosmin by Actinobacteria in 

the water column. Box and whisker plots were created to visualise the spread of data 

for each physico-chemical parameter at each depth level (Figure 7.6). As the total 

number of Actinobacteria increased through the depth, parameters with distinct 

variation in concentration from surface to 24 metres were further examined. These 

included temperature and dissolved oxygen, which decreases over depth; and 

ammonia nitrogen, total phosphorus, filterable and total iron, and filterable and total 

manganese, which increase over depth. 
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Figure 7.6 Tukey box and whisker plots of physico-chemical parameters measured at 

each depth in Hinze Dam over a 13-month period from July 2004 to July 2005 (Box = 

25
th

 to 75
th

 percentile. Whiskers ≤1.5 times the interquartile distance with outliers 

shown as dots) 
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7.4.1.1.  Dissolved oxygen 

The impact of dissolved oxygen on geosmin production of S. coelicolor A3(2) was 

not examined in the experiments described in Chapter 6. All experiments on S. 

coelicolor A3(2) were conducted in aerobic conditions with cultures being continually 

shaken at 180 rpm to ensure contact with air. Previous research with S. coelicolor has 

shown that it’s genome contains three operons that encode a respiratory nitrate 

reductase typically involved in anaerobic metabolism, indicating that S. coelicolor 

may undertake metabolism in anoxic or oxygen-limited conditions (Dyson, 2009). 

There is also evidence that other Streptomyces sp. are capable of metabolism in low-

oxygen conditions (Dyson, 2009). These findings are not surprising given the natural 

habitat of Streptomyces is often nutrient and oxygen poor. 

 

Research undertaken by Dionigi & Ingram (1994) on the effects of oxygen on the 

production of geosmin by Streptomyces tendae revealed that oxygen enrichment (30% 

O2) increased the production of geosmin in cultures of S. tendae when compared to 

ambient atmosphere-incubated cultures (20% O2). They also found that oxygen 

depletion (5% and 10% O2) decreased the production of geosmin in cultures of S. 

tendae. In contrast, research by Sunesson et al (1997) on Streptomyces albidoflavus, 

revealed that geosmin production decreased with increased oxygen concentrations 

(ranging from 8% to 16% O2). In the experiments of both Dionigi & Ingram (1994) 

and Sunesson et al. (1997), the organisms were grown on agar plates, not liquid 

culture as they were in the study presented in Chapter 6. 

 

Research undertaken by Guttman & van Rijn (2008) in a recirculating aquaculture 

system, including both aerobic and anaerobic treatment loops, revealed that lowest 

geosmin concentrations were observed in the anaerobic treatment loop. Oxygen 
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concentrations were not recorded during Guttman and van Rijn’s (2008) observations. 

These systems contained a mixed microflora and a full understanding of the 

organisms responsible for geosmin and MIB production was lacking; however, the 

researchers subsequently isolated two Streptomyces strains capable of producing 

geosmin and MIB from the system. The researchers concluded that aerobic, organic-

rich conditions enhance the growth of Actinobacteria and the production of geosmin 

and MIB.  

 

Overall, from the limited reported research, there is some evidence to support the 

hypothesis that low dissolved oxygen concentration in the lower levels of the dam 

may contribute to hindering geosmin production in Actinobacteria. Further growth 

experiments under different oxic/anoxic conditions are required to investigate the 

oxygen requirements of Actinobacteria and determine the effect on metabolic 

activities, in particular their ability to produce geosmin. 

7.4.1.2  Temperature 

The effect of temperature on geosmin production in S. coelicolor A3(2) was examined 

in chapter 6 (refer Section 6.4.1). Temperature was found to have a profound effect on 

the production of geosmin with increasing temperature resulting in increasing 

production of geosmin. These results concur with findings from other researchers 

(Blevins et al., 1995; Dionigi & Ingram, 1994; Sunesson et al., 1997) as discussed in 

Chapter 6. 

 

Temperatures in the lower levels of the Hinze Dam ranged from 15.9
o
C to 17.2

o
C 

with very little variation throughout the 13 months of the study. Cultures of S. 

coelicolor A3(2) grown at 16
o
C, a similar temperature to that of the lower levels of 
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the dam, produced 86.2% less geosmin than cultures grown at 23
o
C and 93.2% less 

geosmin than cultures grown at 30
o
C, confirming the inhibitory effect of lower 

temperatures. It is important to note that, although geosmin production was 

considerably curtailed at 16
o
C, it did not cease completely. These findings are 

consistent with the findings of previous research into the effect of temperature on 

geosmin production in Streptomyces sp. (Blevins et al., 1995; Dionigi & Ingram, 

1994; Sunesson et al., 1997).  

 

These results provide evidence to support the hypothesis that water temperature in the 

lower levels of the dam may contribute to reducing geosmin production in 

Actinobacteria, but not totally inhibiting it. 

 

 

7.4.1.3  Nitrogen 

The effect of limited nitrogen concentration was shown to have a profound effect on 

geosmin production in S. coelicolor A3(2) (section 6.4.6). The study concluded that 

high nitrogen concentrations inhibit geosmin production and that low nitrogen 

concentrations stimulate geosmin production. Cultures containing total nitrogen of 0.1 

mg/L and 1.0 mg/L produced more geosmin than cultures containing 350 mg/L of 

nitrogen, after 3 days of growth, in all temperature conditions. These nitrogen limited 

culture conditions are consistent with the concentration range of nitrogen in the Hinze 

Dam.  

 

Concentrations of total nitrogen in the samples taken from the Hinze Dam over the 

13-month sampling period ranged from 0.29 to 0.73 mg/L with concentration of 

oxidised nitrogen ranging from 0.002 to 0.271mg/L and concentration of ammonia 
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ranging from 0.004 to 0.373 mg/L. Concentrations of oxidised nitrogen and total 

nitrogen showed little variation over the depths whereas concentration of ammonia 

increased over depth (Figure 7.5). Highest concentrations of ammonia were recorded 

in the 21m and 24m depth samples. Additionally, ammonia was strongly correlated 

with the numbers of Actinobacteria (Table 7.1).  

 

The role of ammonia in primary and secondary metabolism in Streptomyces warrants 

further examination. In most bacteria, glutamine synthetase (GS) is a key enzyme in 

the assimilation of ammonium into cellular metabolism, forming L-glutamine from L-

glutamic acid and ammonia. S. coelicolor possess two types of GS which appear to 

have different roles in different stages of morphological cell differentiation and also 

in nitrogen-poor and nitrogen-rich environments (Dyson, 2009). This also appears to 

be the case for other Streptomyces species but not other Actinobacteria (Dyson, 

2009). It is known that high ammonium concentrations in growth mediums can have 

an inhibitory effect on antibiotic biosynthesis in Streptomyces; however, the process 

for this physiological response is not fully understood (Dyson, 2009). Antibiotics are 

produced by Streptomyces through secondary metabolic pathways, as are geosmin and 

MIB (Chapter 2).  

 

The Modified Bushnall Haas Broth, used as the baseline for nutrient variation 

experiments with S. coelicolor A3(2), contained 1 g/L of ammonium nitrate (Table 

6.1). Cultures grown in this baseline media did not produce as much geosmin as 

cultures grown with limited ammonium nitrate. Thus, it is apparent that, as with 

antibiotic production, the secondary metabolic pathway to geosmin production is also 

inhibited with high ammonium concentrations. 
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As concentrations of nitrogen in the Hinze Dam did not rise above 1 mg/L and 

cultures grown at these low concentrations produced more geosmin than cultures 

grown with high concentrations, it is considered that the nitrogen concentration 

measured in the dam is not a factor that contributes to hindering geosmin production 

in Actinobacteria.  

7.4.1.4  Phosphorus 

Phosphorus limitation was shown to have a profound inhibitory effect on geosmin 

production in S. coelicolor A3(2) (Section 6.4.5). All cultures in which phosphorus 

was limited produced significantly less geosmin than cultures grown with standard 

phosphorus concentration. There was also little difference in geosmin production 

between all phosphorus-limited cultures (containing 0.01mg/L, 0.1 and 1 mg/L of 

phosphorus) under each of the experimental conditions. These results are similar to 

those of Schrader & Blevins (2001) who found no geosmin production occurred at 

phosphorus concentrations of 0.7 and 3.6 µM (approx 0.02 and 0.1 mg/L P) for S. 

halstedii and maximal geosmin production occurred at the highest concentration of 

phosphorus tested of 36.2 µM (approx 1.12 mg/L) in cultures incubated at 30
o
C. 

These result indicates that, although S. coelicolor A3(2) is able to produce geosmin 

under limited phosphorus conditions similar to those found in the environment, 

optimal geosmin production occurs with higher concentrations of phosphorus. 

 

Concentrations of total phosphorus in the samples taken from the Hinze Dam over the 

13-month sampling period ranged from 0.01 to 0.049 mg/L, with concentration of 

orthophosphate ranging from 0.001 to 0.013mg/L. Concentrations of orthophosphate 
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and total phosphate showed little variation over the depths with the exception of total 

phosphorus at the 24m depth which was generally higher than at the other layers.  

 

Phosphorus is considered an essential (or limiting) element to cell growth and 

metabolism and is a key component of nucleic acids, energy transfer (ATP) and 

cellular membranes (phospholipids) (Madigan et al., 1997). These results provide 

evidence to support the hypothesis that low phosphorus concentrations in the dam 

may contribute to hindering geosmin production in Actinobacteria. 

 

7.4.1.5  Iron 

Concentrations of total iron in the Hinze Dam ranged from 0.06 mg/L to 3.3 mg/L 

with filterable iron ranging from 0.02 mg/L to 3.0 mg/L. The concentration of both 

filterable and total iron increased over the depth with the surface layers containing 

very low concentrations of iron (Figure 7.5). Moderate correlations were observed 

with Actinobacteria numbers and concentration of iron (Table 7.1). 

 

Previous studies have shown that increasing iron concentrations (from 0.02 mg/L) 

inhibited both geosmin and biomass concentrations in laboratory cultures of 

Streptomyces halstedii incubated at 30
o
C (Schrader & Blevins, 2001). However, the 

study undertaken with S. coelicolor A3(2) produced different results, depending on 

the culture conditions and length of incubation. At 16
o
C (a temperature comparable to 

the lower layers of the dam where highest concentrations of iron was observed), 

cultures with reduced total iron, (comparable to concentrations in the dam of 0.1 

mg/L, 1.0 mg/L and 10 mg/L) incubated for 3 days produced slightly less geosmin 

that cultures containing higher concentrations of iron (from nil to 2.5 ng/L compared 

to 8.3 ng/L); however, when incubated for 11 days, produced more geosmin (from 
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34.4 to 74.2 ng/L compared to 12.5 ng/L). At 23
o
C (a temperature comparable to the 

average temperature in the upper layers of the dam where lowest concentrations of 

iron were observed), cultures with reduced total iron incubated for 3 days produced 

more geosmin than cultures containing higher concentrations of iron (from 140.6 to 

257.4 ng/L compared to 72.1 ng/L); however, when incubated for 11 days cultures  

produced similar amounts of geosmin (from 247.3 to 461.7 ng/L compared to 433.9 

ng/L) (Table 6.5). 

 

The experiments with S. coelicolor A3(2) demonstrated that iron concentrations 

similar to those found in the Hinze dam did not impede geosmin production. It is 

therefore considered that the concentration of iron in the dam is unlikely to be a key 

factor that contributes to reducing geosmin production in Actinobacteria.  

 

7.4.1.6  Manganese 

Concentrations of total manganese in the Hinze Dam ranged from 0.01 mg/L to 0.98 

mg/L with filterable manganese ranging from 0.009 mg/L to 0.97 mg/L. The 

concentration of both filterable and total manganese increased over the depth with the 

surface layers containing very low concentrations of iron (Figure 7.5). As with iron, 

very strong correlations were observed with Actinobacteria numbers and 

concentration of manganese (Table 7.1). 

 

Schrader & Blevins (2001) examined the effect of manganese on geosmin production 

in cultures of Streptomyces halstedii and found that increasing concentrations of 

manganese (at 100 mg/L) inhibited geosmin production in cultures grown at 30
o
C. At 

lower concentrations (0.8 mg/L and less) there was no discernable difference with 

geosmin production. 



 

168 

 

In the studies conducted with S. coelicolor A3(2), at 16
o
C (a temperature comparable 

to the lower layers of the dam where highest concentrations of manganese were 

observed), cultures containing manganese at a concentration of  0.1 mg/L and 1.0 

mg/L, (comparable to concentrations in the dam) incubated for 3 days produced 

slightly less geosmin than cultures containing no manganese (1.8 to 2.2 ng/L 

compared to 8.3 ng/L); however, when incubated for 11 days, cultures produced more 

geosmin (62.2 to 95.9 ng/L compared to 12.5 ng/L). At 23
o
C (a temperature 

comparable to the average temperature in the upper layers of the dam where the 

lowest concentration of manganese was observed), cultures containing manganese 

incubated for 3 days produced more geosmin than cultures containing no manganese 

(192.6 to 231.7 ng/L compared to 72.1 ng/L), however when incubated for 11 days 

produced slightly less geosmin (352.9 to 385.7 compared to 433.9 ng/L) (Table 6.6). 

 

The experiments with S. coelicolor A3(2) together with the existing literature 

demonstrated that manganese is not an essential element in the production of geosmin 

and at concentrations similar to those found in the Hinze dam did not impede geosmin 

production. It is therefore considered that the concentration of manganese in the dam 

is unlikely to be a key factor that contributes to hindering geosmin production in 

Actinobacteria.  

 

7.4.1.7  Other factors 

It is noted that, aside from the taste and odour event, low concentrations of geosmin 

were observed in most samples taken from all depths throughout the entire 13-month 

sampling period. The information presented demonstrates that in most conditions, 

Streptomyces can produce geosmin. It is possible that the Actinobacteria present in 
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the dam may be contributing to the background concentrations of geosmin observed 

in the dam throughout the sampling period. However, it is also important to consider 

other potential sources of the background geosmin concentrations such as other 

organisms (Chapter 2) and release from sediment. 

 

A recent study in a reservoir in China demonstrated that up to 51.4% of the geosmin 

concentrations in sediment was being released into the overlying water (Zuo et al., 

2010). However, in this study, the depth of the overlying water was between 8m and 

13.2m, and the overlying water sample was taken only 10cm above the sediment 

surface. In the Hinze Dam study, the depth of the overlying water is up to 40m and 

the lowest depth water sample taken was between 10m and 16m from the surface of 

the sediment. 

 

The release of geosmin from sediment and the role of sediment upheaval in 

contributing to the background concentrations of geosmin and/or presence of 

Actinobacteria in the dam may be an important factor that warrants further 

consideration in future studies.  

7.5  Conclusion 

The source of Actinobacteria in the water column was not determined, but it is 

speculated that Actinobacteria may be associated with the presence of suspended 

particulate matter as a result of run off into the dam from rainfall or from sediment 

resuspension. However, further studies are required to confirm this association.  It 

was also speculated that Actinobacteria in the lower depths of the water column may 

be responsible for the low concentrations of geosmin observed throughout the year in 

the lower depths.  It is evident that there is geosmin and MIB-producing potential for 
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Actinobacteria in the Hinze Dam but there appears to be environmental factors 

controlling or impeding the production of geosmin and MIB. The study undertaken 

with S. coelicolor A3(2) together with information from the literature indicates that 

temperature, dissolved oxygen and the low concentration of phosphorus are likely to 

be the key factors that reduce or inhibit the production of geosmin and MIB in the 

dam. It is noted that the numbers of Actinobacteria increased over depth 

corresponding with low temperatures and very low dissolved oxygen concentrations. 

It is likely that the combination of these three factors deliver the effect of impeding 

geosmin and MIB production in Actinobacteria in the dam to the extent that it would 

not become problematic or considered a taste and odour event. 
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Chapter 8 - Framework to examine and manage complex interactions 

that contribute to taste and odour events 

8.1  Introduction 

In recent times, there has been a move towards development of models which aim to 

assist in the prediction of taste and odour events (Dzialowski et al., 2009; Parinet et 

al., 2010). Generally, the approach to developing the models is to correlate various 

water quality parameters, such as temperature, pH, dissolved oxygen, turbidity, 

nutrients and chlorophyll a, to the presence and concentration of taste and odour 

compounds through regression analysis. These models are generally based on water 

quality data collected from water supply reservoirs in one locality. Whilst this 

approach is meritorious, the ability to apply a model developed in this manner to other 

localities is unlikely, thus limiting its practical application. Additionally, from the 

perspective of managing a taste and odour event, any model should be coupled with 

specific tools to prevent, control or treat the event. These tools also need to be 

responsive to the model.  

 

It is understood that within every water catchment area and collection system there 

are differences in the terrain, land use, climate, hydrology and the built environment. 

These differences ensure that the attributes of each water catchment system are 

distinctive from the next. Indeed, the plethora of literature describing taste and odour 

events and possible causative agents confirm that no two systems are alike, that 

different problems plague different areas and that different responses are often 

required to manage the event (refer Chapter 2, Table 2.2 for examples). Consideration 

of the differences between water catchment systems in the development of models 

may enhance the practical application of these models across a wider number of 

catchments. 
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Based on the studies carried out in this thesis, a novel high-level framework has been 

developed to assist water storage managers to systematically examine all factors and 

linkages that may contribute to taste and odour events. This framework can be applied 

to individual water catchments and storages and will provide a baseline for 

determining knowledge gaps and identifying future monitoring or research needs. It 

will also assist in identifying specific management options and the feasibility of 

implementing these management options. A framework of this type has not 

previously been described for taste and odour events. 

 

The information gained through this process can be used to develop a conceptual 

model of the factors influencing taste and odour events for the specific water 

catchment, storage and distribution system examined. The conceptual model provides 

a visual aid to help understand the complex interactions occurring in the system, to 

identify areas of uncertainty and to identify management options. 

8.2  Aims 

The aims of this chapter are to: 

 describe the novel framework that has been developed to assist water storage 

managers to systematically examine all factors and linkages that may 

contribute to taste and odour events; 

 apply the framework to the Hinze Dam water storage, catchment, treatment 

and distribution system, incorporating the research findings presented in this 

thesis and from relevant research literature; and 

 develop a conceptual model of the Hinze Dam water storage, catchment, 

treatment and distribution system to identify areas of uncertainty and 

potential future research needs and to suggest management options. 
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8.3  The Framework 

The factors that contribute to the potential for a taste and odour event fall into three 

main categories. These are:  

1. the physical environment, including the natural and built environment;  

2. environmental conditions, including physico-chemical parameters and climatic 

conditions; and 

3. the source of odour events, including organisms able to produce taste and odour 

compounds and allochthonous odour compounds.  

 

For each factor considered under each category, it is important to establish the level of 

knowledge or information currently held. This knowledge or information could come 

from available literature and/or from specific research or monitoring undertaken in 

that system.  

 

It is recognised that the physical environment influences environmental conditions, 

that environmental conditions influence the physical environment and that both the 

physical environment and environmental conditions influence the source and presence 

of taste and odour compounds which may lead to taste and odour events. Developing 

a greater understanding of these complex interactions will lead to a better 

understanding of the potential for taste and odour events and also the development of 

more specific management options. 

 

A diagrammatic representation of the framework is presented in Figure 8.1. A 

detailed description of the framework follows. 
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Figure 8.1 Diagrammatic representation of a framework for examining factors and 

linkages that may influence the potential for taste and odour events in drinking water 

sources, including examining management options to control, respond to or treat taste and 

odour events 
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8.3.1  The physical environment 

The first category of factors influencing potential for taste and odour events, the 

physical environment, refers to both the natural environment and the built 

environment. The natural environment includes the entire water catchment area, not 

just the water storage area. Factors of the physical environment that need to be 

considered include: land use in the catchment area; erosion issues; hydrological flow 

dynamics; depth and thermal stratification of water storage; inflow and outflow 

dynamics of water storage; and design and positioning of the drinking water off-

take/s.  

8.3.1.1  Land use in the catchment area  

Knowledge of the land use in the catchment area provides essential information to 

water supply managers with regards to potential hazards and risks to drinking water 

quality (NHMRC, 2011). For example, is the catchment pristine or used for 

agricultural, mining, industrial or residential, purposes? If agricultural, is it primarily 

used for crops or animals or a mixture? Understanding land use will provide valuable 

information regarding substances that may potentially reach the water storage which 

can alter the physico-chemical properties of the water, and influence the potential for 

a taste and odour event. For example, if the area is used for cropping, it is highly 

likely that pesticides, herbicides and fertilisers are used. Natural run off from the 

cropping fields may result in increased levels of phosphorus and nitrogen into the 

water system. 

8.3.1.2  Erosion issues   

Knowledge of any erosion issues in the catchment will provide an understanding of  

the potential for sediment flow into the water storage area. Suspended sediment may 

provide a vehicle for the movement of odour-producing Actinobacteria or odour 
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compounds into the water storage area. High numbers of odour-producing 

Actinobacteria have been associated with suspended sediment particles (Zuo et al., 

2010). 

8.3.1.3  Hydrological flow dynamics  

A comprehensive understanding of the surface water hydrology of the catchment area 

along with understanding the flow dynamics within the water storage system can be 

used to predict impacts on water quality. In the catchment, an understanding of the 

surface water hydrology, particularly rainfall/runoff dynamics will be useful in 

determining the potential impact of land use and/or erosion issues on water quality. 

Hydrology is used extensively in environmental management to determine impacts of 

development and farming practices on water quality (CPG Australia, 2011; Freebairn 

et al., 2009; Sydneyports 2011). Furthermore, in South East Queensland, modelling of 

flow dynamics is used to predict flow of pollution under various environmental 

conditions and to understand how these processes impact on water quality (Seqwater, 

2011). 

 

In the water storage system, an understanding of the direction, magnitude, frequency 

and variability of water movement, including residence time will also provide 

baseline information to assist with the prediction and management of water quality 

issues. The potential for movement of odour compounds, sediment, bacteria and other 

physico-chemical factors that can influence water quality, especially at the point in 

which the water is drawn, will be better understood. In a built water storage, such as a 

dam, reservoir or weir, understanding the flow dynamics within the system can be 

useful in determining the best position for the off-take point for the drinking water 

service. 
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8.3.1.4  Inflow and outflow  

In built water storage environments, there may be opportunity to control the flow of 

water into and out of the water storage compartment where water is drawn off. The 

ability to control inflow and outflow may allow regulation of the hydrological flow 

dynamics with the storage compartment and may provide further options in managing 

water quality issues within a particular storage area. For example, where a drinking 

water off-take is downstream of a dam, releases from the dam could be used to ‘flush’ 

the water off-take area in times of concerns for raw water quality. 

8.3.1.5  Depth and thermal stratification  

Physical factors such as the depth of the water storage can impact on water quality 

parameters (refer Chapter 3). Shallow water may be more susceptible to climatic 

conditions (temperature, precipitation, wind etc.) resulting in high variability in water 

quality. Deeper reservoirs are more likely to thermally stratify. Understanding thermal 

stratification and destratification and the role it may play in influencing water quality 

parameters will provide essential information in understanding the potential for taste 

and odour events. For example, does stratification of the water body result in greater 

predictability of water quality parameters within the various layers? 

8.3.1.6  Design and positioning of drinking water off-take  

The design and positioning of the drinking water off-take can increase the 

management options for operators during taste and odour events and for other water 

quality issues. Factors to consider include the number, location and flexibility of off-

takes to allow for the ability to withdraw water from varying depths or positions 

within the storage. An understanding of the hydrological flow dynamics within the 

water storage compartment will provide essential information to consider in the 

positioning and design of the drinking water off-take.  
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8.3.2  Environmental conditions 

The second category of factors influencing potential for taste and odour events, 

environmental conditions, includes physico-chemical water quality parameters and 

climatic influences. Factors of environmental conditions that need to be considered 

include: nutrients; temperature; chlorophyll a and algal counts; dissolved oxygen, pH 

and turbidity; climatic conditions and seasonal changes. 

8.3.2.1  Nutrients  

Concentrations of nitrogen, phosphorus and other nutrients have been shown to 

influence the production of taste and odour compounds from cyanobacteria and 

Actinobacteria (refer Chapters 2, 3 and 5). Knowledge of the concentrations of these 

nutrients in the water storage, particularly at the off-take point, including knowledge 

of variability during seasonal changes or during precipitation events will provide 

essential information in understanding the potential for taste and odour events. 

8.3.2.2  Chlorophyll a and algal counts  

Monitoring of chlorophyll a and/or algal counts has been used to predict or monitor 

cyanobacterial blooms in water storages (refer Chapter 3) (Dzialowski et al., 2009). 

Correlation of these parameters with taste and odour compounds may assist in 

predicting the potential for taste and odour events or monitoring the severity of taste 

and odour events. 

8.3.2.3  Dissolved oxygen, pH and turbidity  

Dissolved oxygen, pH and turbidity provide additional information in understanding 

the trophic state of the water storage. Although the trophic state alone may not be a 

good predictor of taste and odour events (Dzialowski et al., 2009) it may provide 

clues as to which groups of microorganisms may be dominating or have the potential 

to proliferate and therefore may provide further understanding of the potential for 

taste and odour events. 



 

179 

8.3.2.4  Climatic conditions and seasonal changes 

Climatic and seasonal conditions such as temperature, humidity, wind and rainfall 

affects water storages and influences water quality (Offem et al., 2011). Extreme 

weather events such as droughts and floods can have a major impact on water quality. 

Understanding of the dynamics of the water catchment system during normal seasonal 

changes (such as dry/wet season) and during extreme events and the impact on water 

quality will provide essential information in understanding the potential for taste and 

odour events. 

 

Temperature has been shown to influence the production of taste and odour 

compounds from cyanobacteria and Actinobacteria (refer Chapters 3 and 5). 

Knowledge of temperature variability throughout the water storage body, particularly 

through the epilimnion, hypolimnion and thermocline during seasonal changes will 

provide essential information in understanding the potential for taste and odour 

events. 

8.3.3  Source of odour compounds 

The final and most important category to consider in the framework for examining the 

potential for taste and odour events is the actual source of odour compounds. The 

factors that need to be considered include all the organisms capable of producing taste 

and odour compounds in addition to the potential for the presence of allochthonous 

odour compounds. Organisms capable of producing taste and odour that should be 

considered include cyanobacteria and Actinobacteria. Consideration of other odour-

producing organisms may also need to be required. 
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8.3.3.1  Cyanobacteria  

Knowledge of the growth patterns of both benthic and planktonic cyanobacteria 

common to the water storage area, particularly those capable of producing taste and 

odour compounds is essential. Particular attention should be given to the following 

genera and species of cyanobacteria as certain species of each genus have been shown 

to produce geosmin and/or MIB;  Symploca muscorum, Oscillatoria tenuis, 

Anabaena, Psuedanabaena, Lyngbya, Aphanizomenon, Phormidium, Synechococcus, 

Nostoc, Planktothrix, Microcoleus, Leptolyngbya and Hyella (Aoyama et al., 1991; 

Blevins et al., 1995; Bowmer et al., 1992; Izaguirre et al., 1982; Izaguirre, 1992; 

Izaguirre & Taylor, 1998; Izaguirre et al., 1999; Izaguirre & Taylor, 2004; Negoro et 

al., 1988; Rosen et al., 1992; Saadoun et al., 2001a; Saadoun et al., 2001b; Safferman 

et al., 1967; Tabachek & Yurkowski, 1976; Tsuchiya & Matsumoto, 1988; Velzeboer 

et al., 1995; Wu et al., 1991; Yagi, 1988). Understanding the influence of the physical 

environment and environmental conditions on the growth dynamics of cyanobacteria 

within the water storage area will provide essential information in understanding the 

potential for taste and odour events. Additionally, understanding the relationship 

between the presence of these organisms to actual taste and odour events observed in 

the studied water storage compartment, will assist in understanding and/or predicting 

future taste and odour events.  

8.3.3.2  Actinobacteria  

As with cyanobacteria, knowledge of the presence, absence and source of 

Actinobacteria, particularly Streptomyces spp. in the water storage area, and the 

influence of the physical environment and environmental conditions on their 

presence, growth and/or metabolic activity is ideal. It may be helpful to determine if 

Actinobacteria are attached to particulate matter or in free suspension in the water 
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column, as this may assist in determining the source of Actinobacteria. It may also 

highlight potential avenues to control or manage taste and odour events.  

8.3.3.3  Taste and odour compounds  

It is often difficult to determine the causative organisms for taste and odour events 

(Howell et al., 2002; Juttner & Watson, 2007; Parinet et al., 2010; Wnorowski, 1992) 

therefore consideration should be given to the possibility that taste and odour 

compounds may be present without the offending microorganism being present. That 

is, the possibility that taste and odour compounds, rather than microorganisms, are 

transported to the water storage via natural water flow or during runoff events or via 

release from sediment should be explored. An understanding of the presence or 

absence of odour-producing organisms to the concentration of taste and odour 

compounds will provide valuable information in understanding the potential for taste 

and odour events. 

8.3.3.4  Other odour-producing organisms 

An understanding of the potential contribution to taste and odour events from other 

odour-producing organisms (non-cyanobacteria and non-Actinobacteria) may also 

need to be considered in some catchments, particularly if the taste and odour issues 

cannot be attributed to specific organisms or processes. Several fungi species have 

been identified as prolific producers of geosmin and MIB (Breheret et al., 1999; 

Dionigi, 1995; Kikuchi et al., 1981), along with an amoeba (Hayes et al., 1991) and a 

liverwort (Sporle et al., 1991). However, the contribution of these odour-producing 

organisms to taste and odour events has not yet been documented. 
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8.3.4  Establishing and documenting level of knowledge and understanding 

The level of knowledge and understanding of all factors that influence the potential 

for taste and odour events will vary from catchment to catchment. Additionally, the 

ability to acquire the information may also vary across catchments and water storages. 

Although the current level of knowledge in all or some of these three categories may 

be limited for some catchments, an assessment of the current level of understanding 

of these factors will provide a framework for future research and monitoring activities 

and ensure that information gained and money invested in research is focussed on the 

greatest need.  

 

The framework for examining the potential for taste and odour events highlights that 

interactions occur between the physical environment and environmental conditions. 

Understanding of the influence and the effect of environmental conditions on the 

physical environment and vice-versa is the aim of any research and information 

gathering activities. The ultimate goal is to understand how these complex 

interactions influence and affect the organisms capable of producing taste and odour 

compounds, or influence the presence and concentration of taste and odour 

compounds. This will lead to a comprehensive understanding of the potential for taste 

and odour events.  

8.3.5  Management options 

The framework highlights that management options for taste and odour events should 

be considered and incorporated where possible. Increasing knowledge in the potential 

for taste and odour events may extend the number of management options available 

and also increase reliability, efficiency and effectiveness of options. All management 

options should be explored to determine the feasibility of introducing these options in 
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the particular system being studied. Consideration should be given to reliability, cost, 

effectiveness, efficiency and sustainability. The framework describes 3 types of 

management options - proactive, responsive and reactive.  

 

Proactive management options include such things as the design of off-takes and 

implementation of artificial destratification. The design of off-takes could allow 

enough flexibility to manage emerging taste and odour events, such as changing the 

location or depth of the off-take. Artificial destratification may be used to alter the 

environmental conditions, aiming to decrease the potential for taste and odour events.  

 

Responsive management options include such things as utilising alternative water 

sources during taste and odour events. Having the ability to switch to a reliable 

alternative water source may even alleviate the need to comprehensively assess the 

potential for taste and odour events – but rather allow monitoring to determine the 

time to switch. Dilution may also be a management option available in some systems. 

This could involve diluting either raw or treated water with taste and odour issues 

with other raw or treated water with no taste and odour issues. Examples of these 

responsive management options currently exist in South East Queensland (SEQ) with 

the SEQ water grid due to the interconnections of all water delivery infrastructure 

(refer www.seqwgm.qld.gov.au for further information).  

 

Reactive management options include the treatment of raw water to remove taste and 

odour compounds, such as using powdered activated carbon, granular activated 

carbon and biofiltration (refer Chapter 2).  

 

http://www.seqwgm.qld.gov.au/
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8.3.6  The process for implementing the framework  

 

A flow diagram describing the recommended process for implementing the 

framework is shown in Figure 8.2. Three spreadsheets have been developed as tools 

to support the process for implementing the framework and are shown in Tables 8.1, 

8.2 and 8.3. 

 

Ideally, the completion of spreadsheets one, two and three should be undertaken in a 

workshop (group) setting and include all personnel and stakeholders with knowledge 

of any of the factors that may influence the potential for taste and odour events. This 

would include, but not be limited to, treatment plant operators, dam operators, 

catchment managers, field staff, scientific staff and consultants. All current and 

historical data of any of the parameters of interest should be collated and analysed 

prior to the workshop.  
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Document current knowledge or understanding of each factor in each 

category. Determine if there are any unique factors to the system that 

should also be considered 
(Spreadsheet One) 

Document what is known about how this factor is influenced by other 

factors and/or how this factor influences other factors 
(Spreadsheet One) 

 

Consider if there are any 

management options to control 

or minimise the influence this 

factor has on the production of 

taste and odour compounds 
(Spreadsheet One) 

 

List the gaps in knowledge 

regarding all factors 
(Spreadsheet One) 

 

Consider the feasibility and 

effectiveness of introducing 

each management option 

considered but not yet utilised.  
(Spreadsheet Two) 

 

Review gaps in knowledge with a 

view to identifying future 

monitoring or research projects 
(Spreadsheet Three) 

 
Consider the effectiveness of all 

management options currently 

used 
(Spreadsheet Two) 

 

Optional - consider developing a conceptual model of the 

water catchment and storage system to provide a visual aid to 

assist in understanding the complex interactions of the system 

and indicate where management options are effective. 

Compare identified monitoring and 

research projects against current 

and future management options 

with a view to eliminating 

unnecessary projects and 

prioritising all appropriate projects 
(Spreadsheet Three) 

 

Figure 8.2 Flow diagram describing recommended process for implementing 

framework for examining the potential for taste and odour events 
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Table 8.1 Spreadsheet one - to support framework for understanding potential for taste and odour events 

Factor Current knowledge/ 

understanding 

Influence on/from 

other factors 

Management 

options 

Gaps in 

knowledge 

References 

Physical Environment 
Land use in catchment area      
Erosion Issues      
Hydrological flow dynamics      
Sediment transportation (into dam)      
Sediment upheaval (within dam)      
Storage design      
Inflow      
Outflow      
Depth      
Off-take      
Artificial destratification mechanisms      
Environmental Conditions 

Rainfall      
Extreme weather – Flood/Drought      
Temperature      
Chlorophyll a / Algal Counts      
DO / pH / Turbidity      
Nutrients      
Source 

Cyanobacteria      
Actinobacteria      

Other organisms      

Taste and odour compounds      

Other Factors?      

 



 

188 

 Table 8.2 Spreadsheet two - to support framework for understanding potential for taste and odour events 

Management options Currently used? Feasibility Effectiveness Comments 
Proactive     
Responsive     

Reactive     

NB. List all management options identified in spreadsheet one 

 

 

 

Table 8.3 Spreadsheet three - to support framework for understanding potential for taste and odour events 

Gaps in knowledge Potential monitoring or 

research project 

Necessity? Priority Comments 

     

     

     

     
NB. List all gaps in knowledge identified in spreadsheet one 
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8.4  Implementing the framework – Hinze Dam and catchment 

 

The framework described in this chapter has been applied to the Hinze Dam and 

catchment. Sources of information used to complete spreadsheets one, two and three 

include current literature in addition to the knowledge gained in the research 

presented in Chapters 3, 4, 5, 6, and 7. It is important to note that since the field-based 

research was undertaken in 2004/5 (refer Chapters 3 and 4), the ownership and 

management of the Hinze Dam has been transferred from Gold Coast City Council to 

Seqwater, South East Queensland’s bulk water supply provider. Any relevant 

monitoring data gathered by Seqwater since 2005 has not been made available for the 

purpose of applying this framework.  

 

Additionally, the spreadsheets presented in Tables 8.4, 8.5 and 8.6 have not been 

developed in a workshop setting as recommended (Section 8.3.6), and therefore, do 

not have the depth or rigour that would otherwise be obtained by accessing all current 

knowledge and data available on the subject matter. However, it should be considered 

that these spreadsheets provide a sound baseline to which updated information and 

knowledge can be incorporated by Seqwater.  
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Table 8.4 Factors influencing the potential for taste and odour events in Hinze Dam (Spreadsheet One) 

Factor Current knowledge/ 

understanding 

Influence on/from other 

factors 

Management 

options 

Gaps in knowledge References Key to 

model 
Land use in 

catchment area 

77% Native Bushland 

15% Pastureland 

8% Other 

Potential inflow of 

contaminants or nutrients 

during rain events. Potential 

substrate to support 

cyanobacterial growth during 

rain events 

Catchment 

management to 

reduce hazards and 

risk to water quality  

Land use of other 8%. 

Type of livestock on 

pastureland. Potential for 

transportation of 

contaminants or nutrients 

 1 

Erosion issues Nil Inflow of sediment, 

contaminants or nutrients 

during rain events. 

Transportation of soil 

Actinobacteria and T & O 

compounds 

Erosion prevention 

and management 

Assessment of erosion 

issues in catchment and 

impact of erosion on 

water quality. 

 2 

Hydrological 

flow dynamics 

Nil Movement of nutrients into 

the dam and within the dam. 

Movement of Actinobacteria 

and/or T&O compounds into 

the dam and within the dam 

Understanding of 

hydrological flow 

dynamics could lead 

to improved 

positioning of 

drinking water off-

takes 

Hydrological flow 

dynamics not measured 

modelled or understood  

 3 

Sediment 

transportation 

(into dam) 

Nil Rain events may increase 

sediment transportation. 

Transportation of soil 

Actinobacteria, T & O 

compounds 

Erosion prevention 

and management 

Unclear if sediment 

transportation is an issue 

in this catchment and 

unclear if it contributes 

to T&O events 

 4 

Sediment 

upheaval 

(within dam) 

Nil Climatic conditions and 

destratification may impact on 

sediment upheaval. Release of 

Actinobacteria and/or T & O 

compounds 

 

 

Not known Contribution of sediment 

upheaval to numbers of 

Actinobacteria and/or 

concentration of T&O 

compounds 

(Zuo et al., 

2010) 

6 
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Factor Current knowledge/ 

understanding 

Influence on/from other 

factors 

Management 

options 

Gaps in knowledge References Key to 

model 
Storage design Current capacity = 161070ML. 

Increase of height of dam wall to 

allow for flood mitigation 

capacity is currently under 

construction (due for completion 

in 2011) 

Not known Unknown Not known if changes to 

storage capacity will 

impact on T&O events 

  

Inflow No controlled inflow Rainfall and extreme weather 

conditions will influence 

quantity and quality of inflow 

water. Movement of 

Actinobacteria and/or T&O 

compounds 

Unknown Impact of inflow on 

T&O events not clear. 

Quality of water flowing 

into the dam not known. 

 6 

Outflow Nerang River, continued 

controlled release for 

environmental flows 

Rainfall and inflow to dam 

will influence volume of 

outflow 

Unknown Can controlled outflow 

influence T&O events? 

 7 

Depth Currently up to 40m at off-take Dam is thermally stratified 

throughout most of the year 

with turnover occurring once a 

year. Stratification influences 

presence and concentration of 

nutrients and DO. Presence 

and concentration of nutrients 

and DO along with 

temperature change influences 

cyanobacterial growth and 

odour production. 

Not applicable  Chapter 3 8 

Off-take 50m from Dam wall. Adjustable 

height of off-take 

Not known Additional off-takes 

will create more 

flexible off-take 

options Adjustable 

height of off-take 

allows for flexibility 

during T&O events 

Not known if other 

locations in dam are 

suitable for additional 

off-takes  

 9 
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Factor Current knowledge/ 

understanding 

Influence on/from other 

factors 

Management 

options 

Gaps in knowledge References Key to 

model 
Engineered 

artificial 

destratification 

mechanisms 

Not applicable – not currently 

installed in dam 

Not applicable Not applicable Investigation into 

effectiveness of artificial 

destratification 

mechanism on 

preventing or minimising 

T&O events  

 

  

Seasonal 

changes 

T&O event occurred during 

Summer months 

Cyanobacterial growth 

increases during warmer 

weather. 

Unknown  Uwins et al., 

2007 

Chapter 3 

10 

Extreme 

weather - Flood 

Effect of flooding event on T&O 

events not known 

Expected transportation of 

sediment and other matter into 

dam 

Unknown Hydrological flow 

dynamics during flood 

event not known. Effect 

of T&O events not 

known. 

 11 

Extreme 

weather - 

Drought 

Anecdotal evidence of prolonged 

T&O event during drought 

Drought will influence 

quantity of water inflow to 

dam and may also affect water 

quality of inflow  

Unknown Hydrological flow 

dynamics during drought 

not known. Effect on 

T&O events not known. 

 11 

Temperature T&O event occurred when water 

temperature was increasing.  

Increased temperature known 

to increase geosmin 

production in cultures of 

Actinobacteria.  

Unknown  Chapters 3&6 

Uwins et al., 

2007; Howell 

et al., 2002; 

Lin et al., 

2002 

12 

Rainfall Rainfall event triggered T&O 

event when coupled with high 

temperature 

Transportation of sediment, 

nutrients, Actinobacteria 

and/or T&O compounds into 

dam.  

Unknown Understanding of the 

transportation of 

sediment, nutrients, 

Actinobacteria and/or 

T&O compounds into 

dam during rainfall 

events. 

 

Chapter 3 

Uwins et al., 

2007 

13 
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Factor Current knowledge/ 

understanding 

Influence on/from other 

factors 

Management 

options 

Gaps in knowledge References Key to 

model 
Chlorophyll a Not known  Unknown Does Chl a correlate with 

T&O compounds? 

Naes & Post, 

1988; Zimba 

et al., 1999 

14 

Algal Numbers Counts of T&O producing 

cyanobacteria correlated with 

T&O event. Total algal counts not 

correlated with T&O events 

 Unknown  Chapter 3 

Uwins et al., 

2007 

15 

DO DO remained high in surface 

layers throughout year. Low DO 

occurred in layers below 9m 

between November and June 

May influence production of 

T&O compounds from 

Actinobacteria 

Unknown Influence of DO on 

growth and T&O 

production of 

cyanobacteria and 

Actinobacteria 

Chapter 3 

Blevins et al., 

1995; 

Sunesson et 

al., 1997 

16 

pH Little variation in pH through 

depth profile and throughout the 

year 

Unknown Unknown  Chapter 3 17 

Turbidity Strong relationship with turbidity 

to total rainfall 

Strong correlation with 

Actinobacteria to turbidity 

Unknown  Chapter 7 18 

Nitrogen Pulse in N during rainfall and 

warm weather linked to 

commencement of T&O event 

May support growth of 

cyanobacteria. Increase N 

concentration may have a 

limiting effect of geosmin 

production in Actinobacteria 

Catchment 

management to 

reduce inflow of 

nutrients during rain 

events 

 Chapters 3 & 

6 

Uwins et al., 

2007; Lind & 

Katzif, 1988 

19 

Phosphorus Pulse in P during rainfall and 

warm weather linked to 

commencement of T&O event 

May support growth of 

cyanobacteria and 

Actinobacteria 

Catchment 

management to 

reduce inflow of 

nutrients during rain 

events 

 Chapters 3 & 

6 

Uwins et al., 

2007 

 

20 

Iron Highest concentrations at lower 

layers of dam 

 Unknown  Chapters 3 & 

6 

 

21 

Manganese 

 

Highest concentrations at lower 

layers of dam 

 Unknown  Chapters 3 & 

6 

 

22 
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Factor Current knowledge/ 

understanding 

Influence on/from other 

factors 

Management 

options 

Gaps in knowledge References Key to 

model 
Cyanobacteria Anabaena sp. is recognised culprit 

of a recorded T&O event.  

Anabaena bloom associated 

with significant rainfall event 

and elevated temperatures 

Change off-take level 

during cyanobacterial 

bloom. 

Use alternative 

source.  

Treatment with PAC 

during T&O event. 

Blending of raw or 

treated waters. 

Contribution of other 

cyanobacteria to 

production of taste and 

odour compounds in the 

dam. 

Uwins et al., 

2007:Wood et 

al., 2001 

23 

Actinobacteria Actinobacteria numbers not 

correlated with concentration of 

taste and odour compounds. 

Actinobacteria do not appear to 

contribute to T&O events but may 

be responsible for low 

background concentration of 

geosmin throughout the year. 

Significant correlation of 

Actinobacteria with turbidity and 

nutrients. Higher numbers of 

Actinobacteria in deeper waters 

than in the surface. 

Actinobacteria not isolated in 

distribution system and not found 

to influence concentration of 

T&O compounds in treated water. 

Appears that numbers of 

Actinobacteria may be 

associated with rainfall and 

inflow into the dam. 

 

Unknown Source of Actinobacteria 

in the dam. 

Contribution of 

Actinobacteria to taste 

and odour compounds in 

dam 

Chapters 3 & 

7 

Wood et al., 

2001 

24 

Other 

organisms 

Not known Unknown Unknown Contribution of other 

organisms to the 

presence of T&O 

compounds 

 

 

 

Wood et al., 

2001 

25 
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Factor Current knowledge/ 

understanding 

Influence on/from other 

factors 

Management 

options 

Gaps in knowledge References Key to 

model 
Allochthonous 

taste and odour 

compounds 

Low concentrations of geosmin 

and MIB found in samples taken 

from the inflow during a rain 

event 

Unknown Control of inflow 

during rain events. 

Use alternative 

source. Treatment 

with PAC during 

T&O event. 

Blending of raw or 

treated waters. 

Contribution of sediment 

transportations and 

sediment upheaval to 

presence and 

concentration of T&O 

compounds 

Zuo et al., 

2010 

26 
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Table 8.5 Consideration of feasibility of all options to manage taste and odour events (Spreadsheet two) 

Management options Currently 

used? 

Feasibility Comments Key to 

model 
Proactive     
Catchment management to reduce hazards and risk to 

water quality  
? Feasible.  Should be undertaken to manage health related hazards to 

reduce risks to drinking water quality 

A 

Erosion prevention and management to reduce sediment 

transportation 
? Somewhat feasible Erosion issues may be outside of control of drinking water 

operator/managers 

B 

Improved positioning of drinking water off-takes  Feasible Requires further investigation to determine best 

positioning of off-take from a water quality perspective. 

 

Additional off-takes  

 
 Feasible Linked to above. Additional cost.  

Responsive     

Adjust height of off-take  

 
  Changing height of off-take is currently used to manage 

water quality issues but has been underused to respond to 

T&O events.  

C 

Use alternative raw water source 

 
  Ability to switch to alternative source is now available due 

to South East Queensland (SEQ) Grid  

D 

Reactive     

Treatment with PAC 

 
  Used when necessary but is considered cumbersome, 

expensive and difficult to manage 

E 

Treatment with GAC 

 
 Feasible Could be used in place of PAC but requires investigation 

to determine effectiveness and effect on other treatment 

processes 

 

Treatment with ozone 

 
 Not Feasible Would require change to treatment processes. Additional 

cost. 

 

Treatment with UV irradiation 

 
 Not Feasible Would require change to treatment processes. Additional 

cost. 

 

Treatment with biofiltration 

 
 Feasible Could be used in place of PAC but requires investigation 

to determine effectiveness and effect on other treatment 

processes 

 

Blending to with unaffected waters to reduce 

concentration of T&O compounds 
  This option is available due to SEQ Water Grid. Currently 

used to manage water quality issues, particularly aesthetic 

issues.  

F 
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Table 8.6 Spreadsheet to support framework for understanding potential for taste and odour events (Spreadsheet three) 

Issue  

No. 

Identified gap in knowledge Potential monitoring or 

research project 

Necessity? Priority Comments 

1 Land use of other 8%. Type of 

livestock on pastureland. Potential for 

transportation of contaminants or 

nutrients 

Research project to investigate and 

document all land use and activities in 

catchment area with a view to identifying 

hazards to water quality 

Essential  Very High Assessment of hazards to drinking water quality 

is required under current drinking water 

legislation in Queensland (refer Water Supply 

Safety and Reliability Act 2008). Although the 

focus is on hazards that present a risk to human 

health, the same assessment can be used to 

identify hazards that present a risk to aesthetic 

water quality. 

2 Assessment of erosion issues in 

catchment and impact on water quality 

Could be included as a component of the 

research project to investigate land use 

and activities in catchment. 

Yes Medium Understanding erosion issues in the catchment 

will provide knowledge to assist in the 

assessment of hazards to water quality. 

3 Hydrological flow dynamics not 

measured modelled or understood  

Research project to map and model the 

hydrological flow dynamics in the 

catchment and in the Hinze Dam during 

all weather conditions. 

Yes High Mapping and modelling of hydrological flow 

dynamics will support the assessment of hazards 

and risks to drinking water quality, both from a 

human health perspective and an aesthetic 

perspective. 

4 Unclear if sediment transportation is 

an issue in this catchment and unclear 

if contributes to T&O events 

Monitoring of inflow into Hinze Dam for 

turbidity and particulate matter through 

all flow conditions 

Yes Low Mapping and modelling of hydrological flow 

dynamics will provide further information to 

determine if sediment transportation is an issue. 

5 Contribution of sediment upheaval to 

numbers of Actinobacteria and/or 

concentration of T&O compounds 

Research project to determine 

contribution of Actinobacteria in 

sediment to odours in overlying water as 

described by Zuo et al (2010). 

  

No Low Current drinking water off-take is positioned 

where depth of dam is approximately 40 meters 

and actual off-take occurs in the top 12 metres. 

Potential for sediment upheaval to contribute to 

taste and odour compounds at point of offtake is 

considered quite low. 

6 Not known if changes to storage 

capacity will impact on T&O events 

Monitoring of concentration of taste and 

odour compounds throughout depth on 

monthly basis along with routine 

physico-chemical parameters. 

Yes High Continued monitoring for taste and odour 

compounds of concern is recommended to 

increase knowledge of potential factors that may 

influence production. 

7 Impact of inflow on T&O events not 

clear. Quality of water flowing into 

the dam not known. 

Monitoring of physico-chemical 

parameters of inflow water on a regular 

basis 

Yes High Assessment of quality of water flowing into the 

dam on a regular basis is ideal for determining 

factors that affect water quality.  
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Issue  

No. 

Identified gap in knowledge Potential monitoring or 

research project 

Necessity? Priority Comments 

8 Can controlled outflow influence T&O 

events? 

Research question that could be linked to 

hydrological flow dynamic modelling 

project.  

No Low Outcome could be used to assist in management 

of taste and odour events. However, controlled 

outflow is currently closely linked with 

maintaining water security in SEQ and ensuring 

environmental flows in Nerang River, therefore 

unlikely to be considered as an option for 

managing taste and odour events. 

9 Not known if other locations in dam 

are suitable for additional off-takes 

Research question that could be linked to 

hydrological flow dynamic modelling 

project. Additional monitoring for 

parameters of interest could be 

undertaken at proposed locations to 

determine suitability. 

Yes Medium This is a worthwhile investigation if 

hydrological modelling indicates more suitable 

raw water off-takes within the Dam and if 

Seqwater considers that more options to manage 

water quality issues is warranted.  

10 Investigation into effectiveness of  

artificial destratification mechanism 

on preventing or minimising T&O 

events  

 

Research project to collate and review all 

available literature and data into the 

effectiveness of artificial destratification 

in minimising or treating cyanobacterial 

blooms, taste and odour events and/or 

other water quality issues 

No Low This project would be worthwhile if Seqwater 

was considering artificial destratification as a 

serious option for managing water quality issues. 

11 Hydrological flow dynamics during 

flood event not known. Effect on T&O 

events not known. 

 

Refer to Issue No. 3 above. Yes High To be included and addressed in project 

identified in Issue No. 3 above. 

12 Hydrological flow dynamics during 

drought not known. Effect of T&O 

events not known. 

 

Refer to Issue No. 3 above. Yes High To be included and addressed in project 

identified in Issue No. 3 above. 

13 Understanding of the transportation of 

sediment, nutrients, Actinobacteria 

and/or T&O compounds into dam 

during rainfall events. 

Link to Issues No 1, 2, 3 and 4 

Monitoring of inflow into Hinze Dam for 

turbidity and particulate matter, 

nutrients, Actinobacteria and T&O 

compounds through all flow conditions 

 

Yes Medium Add additional monitoring requirements to 

routine monitoring project identified in Issue No 

4.  
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Issue  

No. 

Identified gap in knowledge Potential monitoring or 

research project 

Necessity? Priority Comments 

14 Does Chlorophyll a correlate with 

T&O compounds? 

Monitoring of Chlorophyll a to be 

included in standard suite of 

measurements. Comparison to 

concentration of taste and odour 

compounds to be undertaken when 

assessing results. 

Yes Medium Regular monitoring of Chlorophyll a in the dam 

is good practice and may provide a baseline for 

predicting cyanobacterial blooms. 

15 Influence of DO on growth and T&O 

production of cyanobacteria and 

Actinobacteria 

Research project to determine effect of 

DO on growth and T&O compound 

production of cyanobacteria and 

Actinobacteria in cultures and in 

environment. 

Yes Medium May assist with project identified for issue No. 

10. Will provide further knowledge on factors 

that may influence growth dynamics and odour 

production in Actinobacteria and cyanobacteria. 

16 Contribution of cyanobacteria (other 

than Anabaena) to production of taste 

and odour compounds in the dam 

Monitoring project to continue weekly 

algal counts and microscopic 

identification of cyanobacteria of 

concern and include comparative 

analysis of identified cyanobacteria to 

presence and concentration of taste and 

odour compounds and other physico-

chemical parameters. Monitoring should 

be extended beyond the off-take tower 

Yes High Potential for this monitoring project to identify 

other cyanobacteria of concern and determine 

factors that influence growth and production of 

T&O compounds. There is potential for this 

project to be extended to also determine factors 

that may influence production of toxins.  

17 Source of Actinobacteria in the dam. Research project to identify source of 

Actinobacteria in the dam. This project is 

linked to issues 4 and 5 and should be 

included as a component of the project 

identified for issue 4. 

Yes Low The contribution of Actinobacteria to taste and 

odour events has not been determined and 

therefore this project will provide little or no 

information to support the management of taste 

and odour events. 

18 Contribution of Actinobacteria to taste 

and odour compounds in dam 

Research project to develop a 

methodology to measure the production 

of taste and odour compounds from 

Actinobacteria in situ. 

Yes Medium Low concentrations of geosmin were observed 

throughout the dam depth on most sampling 

occasions which could not be attributed to 

cyanobacteria. This research project will provide 

further understanding of the metabolic activity 

of Actinobacteria in the dam which may lead to 

additional options in the management of taste 

and odour events 
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Issue  

No. 

Identified gap in knowledge Potential monitoring or 

research project 

Necessity? Priority Comments 

19 Contribution of other organisms to the 

presence of T&O compounds 

Research project to measure and monitor 

the presence and abundance of other 

odour-producing organisms in the 

catchment and water storage 

compartment and compare to the 

presence and concentration of taste and 

odour compounds.  

Yes Low May provide good information when 

determining the potential for taste and odour 

events, particularly if events cannot be attributed 

to particular organisms or processes. 

20 Contribution of sediment 

transportations and sediment upheaval 

to presence and concentration of T&O 

compounds 

Refer to issues 4 and 5    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

202 

 



 

203 

8.5  Development of conceptual model for Hinze Dam catchment and storage, 

treatment and distribution 

 

The information gained through the application of the framework has been used to 

develop a conceptual model of the factors influencing taste and odour events for the 

Hinze Dam and its water catchment and distribution system. The development of this 

model is loosely based on the processes described by Ryan et al. (2003), Gross (2011) 

and Suter (1996). 

 

The development of this conceptual model was not undertaken in consultation with 

Seqwater personnel and other stakeholders with knowledge of the system and factors 

influencing taste and odour events, as might be considered best practice. Therefore, 

the model does not have the depth or rigour that would otherwise be obtained by 

accessing all current knowledge and data available on the subject matter. However, it 

should be considered that this model provides a sound baseline to which Seqwater can 

review and refine with any updated information and knowledge they have available. 

 

The goal of the conceptual model is to: 

 provide a visual aid to help understand the complex interactions occurring in 

the system that influence the potential for taste and odour events (as 

described in Table 8.4); 

 Identify and illustrate relationships between the physical environment, 

environmental conditions and source of taste and odour compounds (as 

described in Table 8.4); 
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 identify knowledge gaps and areas of uncertainty where further research is 

needed (as described in Tables 8.4 and 8.6); and 

 identify options to manage taste and odour events (as described in Tables 8.4 

and 8.6). 

 

The conceptual model is presented in Figure 8.3. The model brings together all of the 

factors presented in Tables 8.4 and 8.5 and indicates if those factors are considered to 

be important or not important to the potential for taste and odour events. The model 

also indicates the factors that may be important but further research and/or 

information gathering is required. Finally, the model indicates the proactive, 

responsive and reactive management options for taste and odour events. 

 

The next logical step is to test, review and refine the conceptual model and 

accompanying spreadsheets. However, this is considered a matter for Seqwater to 

undertake and is outside the scope of this research project. 
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8.6  Conclusions 

A novel framework has been developed that can be used to assist water storage 

managers to systematically examine all factors and complex interactions that may 

contribute to taste and odour events. The framework has been tested by applying it to 

the Hinze Dam water storage, catchment, treatment and distribution system, utilising 

the research findings presented in this thesis along with current literature. A 

conceptual model was then developed to provide a visual aid to help understand the 

complex interactions occurring in the system that influence the potential for taste and 

odour events. 

 

Further application of this framework to numerous other water catchment and storage 

systems with taste and odour issues would be ideal as a mechanism to test, review and 

refine the framework and ensure its applicability in all types of water catchment 

systems. Ideally, this further work could then capture knowledge and information 

gained from processes occurring in numerous types of water catchment systems that 

may be applicable to other systems with similar issues. Ultimately, this further work 

may lead to better sharing of knowledge and information and uptake of effective 

management practises for taste and odour issues. 

 



 

208 



 

209 

Chapter 9 – Conclusions and suggestions for future work 

The research presented in this thesis was initiated and supported by Gold Coast Water 

(Queensland, Australia) in response to severe taste and odour issues experienced 

during a prolonged dry period that impacted on their drinking water service. The 

intent of this research project was to gain a better understanding of the source, 

presence and perseverance of geosmin and MIB within Hinze Dam and the treated 

water distribution system and to explore potential environmental and physiological 

triggers for the production of geosmin and MIB. Both field-based and laboratory-

based research was undertaken to achieve this goal. The outcomes of this research 

have contributed to the knowledge of factors influencing taste and odour events and 

have provided further guidance, management options and research to understand and 

manage taste and odour events.  

 

9.1  Field study: presence and perseverance of geosmin and MIB in Hinze Dam 

and in Gold Coast’s reticulation system 

A taste and odour event occurred during the 13-month sampling program of the Hinze 

Dam. High concentrations of geosmin were detected in the surface water of Hinze 

Dam during the summer months and were strongly correlated with an increase in 

numbers of the cyanobacterium, Anabaena sp. The increase in these cyanobacterial 

cells occurred immediately after a significant rainfall event and an accompanying 

pulse in nutrients during a time of warmer water temperatures. However, high rainfall 

and a pulse of nutrients did not render the same effect during colder months. Thus 

temperature and nutrient concentrations are important parameters involved in the 

microbial production of geosmin and MIB revealing that taste and odour events are 

more complex than a single trigger for a single group of organisms. This study also 

revealed that geosmin is present throughout the depth of the dam at most times 
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throughout the year, albeit at concentrations not likely to cause aesthetic concerns for 

Gold Coast Water. The causal agent of this ‘background’ geosmin was not identified, 

but consideration was given to the potential of Actinobacteria as the source. A rise in 

geosmin concentration in the lower levels of the dam, after the summer taste and 

odour event, was attributed to dying Anabaena cells sinking and releasing their 

cellular contents, including geosmin, upon breakdown of the cell wall. This study did 

not find evidence to support the supposition that the taste and odour compounds, 

geosmin and MIB, were being produced by biofilm-attached or free Actinobacteria, 

post-treatment, in the reticulation system. 

 

The results of this study highlighted a management strategy for Gold Coast 

Water that had not been previously considered. Lowering of the raw water 

intake to the thermocline during a taste and odour event may provide raw 

water with a much lower concentration of taste and odour compounds, 

making treatment and removal of these compounds easier and potentially 

more effective. Although raw water taken at lower depths often contains 

higher concentrations of manganese and iron (which contribute to 

discoloured water events), as is the case at the Hinze Dam, it was 

considered by Gold Coast Water that removal of these compounds was 

easier than removal of taste and odour compounds. This management 

strategy may be applicable to other water storage systems where thermal 

stratification occurs. 

 

9.2  Identification and geosmin/MIB production of isolates 

There are inherent issues with isolating single organisms from mixed environmental 

samples. Of the thousands of Actinobacteria enumerated from the Hinze Dam and 

Nerang River water samples, only 16 could be isolated to a pure culture. A significant 

number of these isolates (69%) produced geosmin or both geosmin and MIB. The 
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potential for geosmin and MIB production from other Actinobacteria in the water 

column (that could not be isolated to pure culture) was therefore not established. All 

Actinobacteria isolates found to produce geosmin and/or MIB were identified as 

Streptomyces species. Tentative identification also cautiously identified geosmin 

and/or MIB production in Streptomyces species not previously identified as geosmin 

and MIB producers.  

 

There is still much more to be learnt about the breadth and depth of taste 

and odour problems in the Australian water industry. Current literature 

indicates that there is limited research of taste and odour events in 

Australia, despite the water industry accepting that this is a common 

issue. A national survey of the water industry to document the extent of 

taste and odour issues may be worthwhile in potentially identifying 

common causes and factors influencing taste and odour events. This 

could lead to future targeted field-based studies at other locations 

throughout Australia where taste and odour events are problematic, 

focusing on parameters considered to influence the production of 

geosmin and MIB. Advances in molecular biology may provide more 

efficient and effective tools to identify geosmin-producing micro-

organisms in-situ. A real-time PCR method for quantification of 

geosmin-producing Streptomyces sp. in aquaculture systems has recently 

been established (Auffret et al., 2011). This method could be further 

developed for use in natural water systems and/or to quantify geosmin-

producing cyanobacteria. Additionally, development of techniques to 

measure the concentration of geosmin and MIB in situ and in real-time 

would also enhance any future field-based studies. Current techniques to 

measure geosmin and MIB are time-consuming and costly, and thus not 

conducive for ongoing comprehensive monitoring. New techniques 

should be readily available, affordable and easy to use by water 

managers and operators. Potential of an ‘electronic nose’ to detect taste 

and odour compounds in raw and treated water samples has been 



 

212 

explored (Bastos & Magan, 2006; Stuetz et al., 1998) but, to date, not 

refined for use in field based studies or monitoring programs. 

 

9.3  Laboratory study: factors influence geosmin production by Streptomyces 

coelicolor A3(2) 

This study demonstrated that geosmin production by S. coelicolor A3(2) was 

influenced by changes to temperature, incubation time and nutrient concentration. In 

general, more geosmin was produced by S. coelicolor A3(2) at higher temperatures 

and after longer incubation times. It was demonstrated that manganese and iron, at 

concentrations found in the dam, may not influence geosmin production by S. 

coelicolor A3(2), whilst nitrogen, at concentrations found in the dam, stimulated 

geosmin production. S. coelicolor A3(2) was able to produce geosmin under limited 

phosphorus conditions, similar to those found in the dam, but optimal geosmin 

production occurred with higher concentrations of phosphorus.  

 

This study revealed that, unlike many cyanobacteria, geosmin production in S. 

coelicolor A3(2) was most typically released extracellularly although some geosmin 

was retained intracellularly. Through all experiments, geosmin production was not 

readily correlated with biomass production but correlated with ATP production, thus 

revealing that geosmin production is not necessarily coupled with growth. 

 

9.4  Potential for Actinobacteria to contribute to geosmin and MIB concentration 

in Hinze Dam 

The results from the field study and the laboratory study reveal that there is potential 

for Actinobacteria in the Hinze Dam to contribute to taste and odour events, but there 

appears to be environmental factors controlling or impeding the production of 

geosmin and MIB in the water column. The study undertaken with S. coelicolor A3(2) 
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together with information from the literature indicates that temperature, dissolved 

oxygen and concentration of phosphorus are likely to be the key factors that prevent 

or inhibit the production of geosmin and MIB in the dam to the extent that it would 

become problematic or considered a taste and odour event. It is noted that the 

numbers of Actinobacteria increased over depth corresponding with low temperatures 

and very low dissolved oxygen concentrations. It is likely that the combination of 

these factors deliver the effect of impeding geosmin and MIB production in 

Actinobacteria. 

 

It is inherently difficult to relate the results of controlled, pure culture 

studies to how the microorganism (or it’s close relatives) may respond in 

the environment, where uncontrolled, and potentially unmeasured, 

complex interactions occur to influence metabolic processes. Nonetheless, 

the more we understand of an organism’s metabolic responses in 

controlled experimental conditions, the more information we have to assist 

in deciphering and determining the influence of complex in situ 

interactions. The pure culture study undertaken for this research was 

limited in that it replicated single environmental factors or parameters 

that were thought to influence the production of geosmin. Future pure 

culture studies should aim to replicate all known environmental factors 

simultaneously. For example, this study was able to determine the effect of 

reduced concentrations of phosphorus, nitrogen, iron and manganese 

individually, but did not explore the effect of decreased concentrations of 

all nutrients collectively, which would better represent conditions in the 

environment. Ultimately, the aim of future studies should be to explore and 

develop options for reliable control of geosmin and MIB production in 

situ. 
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9.5  Framework to examine factors and complex interactions that may 

contribute to taste and odour events 

Based on the findings of this research and current literature, a framework has been 

developed to assist water storage managers to systematically examine all factors and 

complex interactions that may contribute to taste and odour events. The framework 

has been applied to the Hinze Dam water storage, catchment, treatment and 

distribution system and a conceptual model developed to provide a visual aid to help 

understand the complex interactions occurring in the system that may influence the 

potential for taste and odour events. 

 

Further application of this framework to other water catchment and storage 

systems with taste and odour issues would be ideal as a mechanism to test, 

review and refine the framework and ensure its applicability in all types of 

water catchment systems. Ideally, this further work could then capture 

knowledge and information gained from processes occurring in other types 

of water catchments that may be applicable to other systems with similar 

issues. Ultimately, this further work may lead to better sharing of knowledge 

and information and uptake of effective management practises for taste and 

odour issues. 
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Appendix A – List of published papers related to the work in this 

thesis 

 

 

Bauld, T., Teasdale, P., Stratton, H. & Uwins, H. (2007). A fast stir bar sorptive 

extraction method for the analysis of geosmin and 2-methylisoborneol in source and 

drinking water. Water Science & Technology 55  (5): 59-67. 

 

Uwins, H. K., Teasdale, P. & Stratton, H. (2007). A case study investigating the 

occurrence of geosmin and 2-methylisoborneol (MIB) in the surface waters of the 

Hinze Dam, Gold Coast, Australia. Water Science & Technology 55  (5): 231-238. 

 

 

 

 

 

Copies of these papers are provided after the list of references. 
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