






































































http://femsle.oxfordjournals.org/content/296/1/91#ref-9
http://femsle.oxfordjournals.org/content/296/1/91#ref-26
http://femsle.oxfordjournals.org/content/296/1/91#ref-25
http://femsle.oxfordjournals.org/content/296/1/91#ref-26
http://femsle.oxfordjournals.org/content/296/1/91#F1




































https://products.appliedbiosystems.com/
http://trex.biohpc.org/
































































































85 
 

complete degradation of ethanol led to the decision to focus on the detection of alcohol 

dehydrogenase production via a molecular approach.  

Figure A.2 shows the temporal changes of the phenolic compounds in the surface and deep 

sediments of the BSFs, monitored by HPLC analysis (performed by Dr P Welz as part of a 

parallel study). A number of unidentified peaks were present and with many phenolic 

compounds on the market, a complete phenolic characterisation was not within the scope of 

the project. Gallic acid and vanillin, the primary break down product of vanillic acid and the 

common toxic metabolite, catechol, was identified and quantified in the study. Vanillic acid 

and gallic acid amounted to half of the phenolics present in the samples and the other half 

being unidentified (other). 

Results showed a build-up of catechol, as well as the breakdown of ethanol by the 

organisms present within the BSFs (Appendix A). Based on these findings it was decided to 

initially focus on three functional genes namely: alcohol dehydrogenase, catechol 1,2-

dioxygnease, and catechol 2,3- dioxygenase.  

Although published primer sets were used, extensive optimization was required for the 

amplification of the functional genes. For the alcohol dehydrogenase primer set optimization 

was performed according to Quintero et al. (2009) and for catechol 1,2-dioxygenase and 

catechol 2,3-dioxygenase optimization was performed according to the initial conditions 

described by Lillis et al. (2010). Optimization of the functional gene primer sets included 

adjusting the annealing temperature, performing a touchdown PCR, increasing the number 

of amplification cycles, and altering the ratios of gDNA to mastermix, The catechol 2,3-

dioxygenase gene was successfully amplified from the synthesised cDNA samples taken at 

the start and end of the experiment. Despite several attempts both the alcohol 

dehydrogenase and catechol 1,2-dioxygenase primer sets did not work. This failure can be 

because the genes were present at low levels in the DNA, or the primers failed to bind due 

to differences in template DNA sequence. Therefore, the rest of the study was focused on 

catechol 2,3-dioxygenase. 
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3.6.1 qPCR and amplification of the catechol 2,3-dioxygenase gene  

Amplification of the catechol 2,3-dioxygenase gene was achieved through qPCR. A standard 

curve was constructed using CZA14T gDNA as the template and this was used to determine 

the gene copy number. Amplification curves, melting curves and copy number was 

calculated using the slope of the standard curve and copy numbers are reported in Appendix 

D.  Table 3.5 shows the crossing points (Cp values) and copy numbers of the samples from 

the start of the experiment (baseline) to the end of the experiment (after amendment). Due to 

budgetary limitations samples taken from the experimental systems P1 and P2 at the start of 

the experiment were pooled based on the hypothesis that the bacterial communities present 

in P1 and P2 would be similar after the initial establishment phase when they only received 

basal nutrients. Copy number refers to how many copies of the catechol 2,3-dioxygenase 

(C23O) genes were present/expressed within each sample. As expected, from Table 3.5 and 

Appendix D it can be seen that there is an increase in the copy number of C23O after 

amendment with synthetic winery wastewater. Despite P1 and P2 samples being pooled at 

the start of the experiment there was an obvious trend observed in that the copy numbers of 

all samples increased after amendment with synthetic winery wastewater. After testing a 

range of cDNA concentrations it was found that 100 ng template cDNA samples produced a 

more precise single peak for the amplification of the C23O gene and it was therefore used 

as the standard template concentration for all reactions. The increase in expression of C23O 

(Figure 3.14) is further supported by HPLC analysis (Appendix A), which clearly showed that 

there was an increase in the formation of catechol in the BSF systems.  

 

 

 

 

http://etd.uwc.ac.za/



87 
 

 

Figure 3.14: Graph depicting the copy numbers and Cp values of the BSF P1, P2 and PC samples at 

100 ng DNA. 

 

Table 3.5: Cp values and copy numbers of the C23O genes of the samples of 100 ng DNA at the 
start and end of the experiment. Copy numbers represented as log values of the C23O gene of 
CZA14T gDNA as indicated on standard curve (Appendix D). copy numbers represented before 
normailisation. 

Samples Cp number concentration Copy numbers 

P1 and P2 Sup In 100 ng 27.58 11.37 

P1 and P2 Deep In 100 ng 27.72 11.44 

P1 and P2 Sup Out 100 ng 27.87 11.51 

P1 and P2 Deep Out 100 ng 27.90 11.53 

PC Sup In 100 ng 27.82 11.49 

PC Deep In 100 ng 27.91 11.53 

PC Sup Out 100 ng 28.03 11.59 

PC Deep Out 100 ng 27.74 11.45 

   

After amendment samples   

P1 Sup In 100 ng 29.10 12.13 

P2 Sup In 100 ng 28.56 11.86 

P1 Deep In 100 ng 26.56 10.85 

P2 Deep In 100 ng 37.08 16.15 

P1 Sup Out 100 ng 30.92 13.05 

P2 Sup Out 100 ng 33.42 14.31 

P1 Deep Out 100 ng 36.72 15.97 

P2 Deep Out 100 ng 32.72 13.96 

PC Sup In 100 ng 31.40 13.29 

PC Deep In 100 ng 33.23 14.21 

PC Sup Out 100 ng 38.28 16.76 

PC Deep Out 100 ng 38.12 16.68 
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3.6.1.1 Amplification of the rpoB gene using qPCR 

Amplification of the ribosomal RNA encoding-gene (rpoB) that encodes for the bacterial RNA 

polymerase β-subunit (Morse et al., 1996) was achieved through real time PCR. This small 

subunit ribosomal RNA gene is used for estimating the phylogenetic diversity in microbial 

communities (Hugenholtz et al., 1998; Ward et al., 1990). The gene is used as a universal 

marker and has the advantage of containing highly conserved regions allowing for the 

design of PCR primers, targeting all members of the bacterial community (Vos et al., 2012). 

The rpoB gene was also used in this study as it is a known housekeeping gene and is a 

single copy gene. 

Due to the inherent instability of RNA it was decided to immediately convert the RNA to 

cDNA and this synthesised cDNA was used for the amplification of the catechol 2,3-

dioxygenase gene and the rpoB gene. However, a housekeeping gene is needed for 

determining relative quantification. It was hypothesised that immediately synthesising to 

cDNA and storing at -20 °C would allow for the samples to be more stable. Although the 

RNA concentrations were quantified prior to cDNA conversion the RNA starting 

concentration for each sample was not normalised and this resulted in different starting 

amounts of RNA being used in each reaction which may account for the differences 

observed in copy numbers of catechol 2,3-dioxygenase genes. Therefore, it was decided to 

“normalize” the data to a housekeeping gene (rpoB gene) to account for the variability in the 

RNA and cDNA concentrations. Table 3.6 shows the copy numbers of the amplification of 

the rpoB gene. Figure 3.15 shows the amplification curves of the rpoB gene with the 

synthesised cDNA samples taken before and after the amendment with synthetic winery 

wastewater, while Table 3.6 shows the copy numbers and cp values. Appendix E shows the 

standard curve used to calculate the copy numbers of the gene present within each sample. 
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Figure 3.15: Amplification curves of synthesised cDNA samples at 100 ng with the rpoB gene using 

real time qPCR of the samples taken at the start of the experiment (baseline) and end of experiment 

 

Table 3.6:  Values and copy numbers of the rpoB genes of the samples of 100 ng DNA at the start 
and end of the experiment. Copy numbers represented as log values of the rpoB gene of CZA14T 

gDNA as indicated on standard curve (Appendix E) 

Samples Cp number concentration Copy numbers 

P1 and P2 Sup In 100 ng 34.93 15.09 

P1 and P2 Deep In 100 ng 37.72 16.71 

P1 and P2 Sup Out 100 ng 39.10 17.51 

P1 and P2 Deep Out 100 ng 32.48 13.67 

PC Sup In 100 ng 35.65 15.51 

PC Deep In 100 ng 31.93 13.35 

PC Sup Out 100 ng 30.86 12.73 

PC Deep Out 100 ng 32.65 13.77 

   

After amendment samples   

P1 Sup In 100 ng 41.47 18.88 

P2 Sup In 100 ng 34.45 14.81 

P1 Deep In 100 ng 36.95 16.26 

P2 Deep In 100 ng 35.87 15.63 

P1 Sup Out 100 ng 33.62 14.33 

P2 Sup Out 100 ng 30.33 12.42 

P1 Deep Out 100 ng 33.66 14.35 

P2 Deep Out 100 ng 29.82 12.13 

PC Sup In 100 ng 37.65 16.67 

PC Deep In 100 ng 38.92 17.40 

PC Sup Out 100 ng 39.77 17.89 

PC Deep Out 100 ng 36.95 16.26 
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Table 3.7 shows the copy numbers of the C23O and rpoB gene used to normalise the gene 

expression obtained by the qPCR analysis. There are two ways of normalising data, one by 

normalising the RNA value by using a bio-analyser (the recommended method) or a 

reference gene.  As we did not have access to a BioAnalyser in-house in this study 

normalisation was to a reference gene. Expression of the rpoB gene (reference gene) was 

normalised to non-targeted C23O gene (target gene) expression levels within each sample 

and this was done according to Haimes and Kelley (2014). Differences between the target 

and reference gene resulted in the ΔCq value and this serves to correct the variation in the 

values. In the case of biological samples, the ΔCq value was exponentially transformed to 

the ΔCq expression as indicated in Table 3.6. The results presented in Table 3.7, indicates 

that the higher the ΔCq value, the lower the expression of the target gene. Samples P1 

Deep Out and P2 (after amendment) have negative expression values and this could be as a 

result that the amplification of the rpoB gene by qPCR was performed at a later time period 

than the isolation of the RNA or the RNA sample was degraded by the time the experiment 

was performed.  

For future research, if the same method of quantification is employed using the above 

equation a second reference gene (eg. 16S rRNA) would be included. The determined ΔCq 

expression value could then be divided that by the ΔCq value for the 16S rRNA gene and 

relate this value as a percentage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



91 
 

Table 3.7: Copy numbers of theC23O and rpoB genes of the samples of 100 ng DNA at the start and 

end of the experiment to normalise the data 

Samples C23O copy number 
(Cq reference) 

Normalise rpoB 
data (Cq target) 

Cq (Target-
Ref) 
(ΔCq) 

ΔCq 
expression 
(2-ΔCq) 

P1 and P2 Sup In 100 
ng 11.37 15.09 

 
3.72 

 
0.08 

P1 and P2 Deep In 
100 ng 11.44 16.71 

 
5.27 

 
0.03 

P1 and P2 Sup Out 
100 ng 11.51 17.51 

 
6.00 

 
0.02 

P1 and P2 Deep Out 
100 ng 11.53 13.67 

 
2.14 

 
0.23 

PC Sup In 100 ng 11.49 15.51 4.02 0.06 

PC Deep In 100 ng 11.53 13.35 1.82 0.28 

PC Sup Out 100 ng 11.59 12.73 1.14 0.45 

PC Deep Out 100 ng 11.45 13.77 2.32 0.20 

After amendment 
samples   

  

P1 Sup In 100 ng 12.13 18.88 6.75 0.001 

P2 Sup In 100 ng 11.86 14.81 2.95 0.13 

P1 Deep In 100 ng 10.85 16.26 5.41 0.02 

P2 Deep In 100 ng 16.15 15.63 -0.52 -0.70 

P1 Sup Out 100 ng 13.05 14.33 1.28 0.41 

P2 Sup Out 100 ng 14.31 12.42 -2.18 -0.23 

P1 Deep Out 100 ng 15.97 14.35 -1.62 -0.33 

P2 Deep Out 100 ng 13.96 12.13 -1.83 -0.28 

PC Sup In 100 ng 13.29 16.67 3.33 0.09 

PC Deep In 100 ng 14.21 17.40 3.19 0.11 

PC Sup Out 100 ng 16.76 17.89 1.22 0.43 

PC Deep Out 100 ng 16.68 16.26 -0.06 -0.96 

 

 

3.7 Denaturing gradient gel electrophoresis (DGGE) 

3.7.1 Optimization of nested PCR and method of DGGE 

While qPCR analysis can be used to determine the abundance of a target gene, one is 

unable to determine what the “diversity” of the target gene is – in this study “diversity” would 

reflect how many different organisms are expressing catechol 2,3-dioxgenase. This was to 

be achieved by sequencing the dominant bands from the DGGE acrylamide gels. Figure 

3.16 shows the principle behind DGGE. The DGGE gel uses a DNA denaturant or a linear 

temperature gradient to allow for the migration through the gel. Each lane on the gel 

represents a microbial community (Figure 3.16). The technique shows to an extent that 

microbial communities are different or the same in taxonomic composition. The number of 

bands at different horizontal positions on the gel can be used to estimate the level of 
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biodiversity in that sample. In order to know more about phylogenetic affiliation, the bands 

can be excised and sequenced (Ward et al., 1998; Muyzer, 1999).  

 

 

Figure 3.16: The principle of DGGE demonstrating the migration of samples through a DGGE gel and 

that each and represents different microbial communities. 
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The sequence data would provide insight into the organisms present expressing catechol 

2,3-dioxgenase and this diversity data could be compared to the MICA3 phylogenetic data.  

Several optimization steps for the nested PCR using the GC-clamped catechol 2,3-

dioxygenase primer sets was required. This included changing PCR parameters such as 

annealing temperatures, cycle conditions according to each Taq polymerase that was used, 

starting concentration of DNA for each sample and the addition of additives (e.g. BSA and 

DMSO).  The positive qPCR products were analysed by agarose gel electrophoresis and a 

band of the expected size was observed on the gel. However, when the qPCR product was 

used as the template for a nested-PCR there was no amplification of the desired nested 

product.  One possible reason for the failure is low copy number of the catechol 2,3-

dioxygenase gene. It could also be that a more robust polymerase is required for the 

amplification of the gene in the nested PCR. It is possible that an inhibitor, such as residual 

SYBR Green, may be present which inhibited the second PCR reaction or too few 

amplification cycles in the PCR run or incorrect annealing temperatures were selected. 

Another possible reason is that the primers selected for the amplification of the specific 

genes did not bind to the template DNA. When quantifying the amount of RNA prior to 

synthesising to cDNA, low RNA concentrations were observed and high concentrations for 

cDNA was observed which could possibly result in an inaccuracy in the amount of copy 

numbers of the gene. It could also be that the GC clamp could be interfering in the 

amplification of the catechol 2,3-dioxygenase gene as it would be possibly 3 times more than 

the reverse primer in amounts of concentration and/number of moles when adjusting the 

amounts of primer (qPCR- 200 nM and for DGGE-PCR- 0.5 µM). There were very faint 

bands observed on the agarose gels and therefore it was decided to attempt DGGE, 

however no bands were observed on the acrylamide gels. For future research the nested 

PCR would require more optimization steps, possibly a more robust Taq polymerase, 

increasing the amount of amplification cycles, changing annealing temperatures or purifying 

the qPCR amplicon prior to the second nested PCR. 

 

3.8 Cloning, ligation and transformation of the catechol 2,3-dioxygenase genes from 

the samples at the deep sediments of the BSFs for phylogenetic analysis 

Several optimization steps were performed for DGGE analysis, however these experiments 

were unsuccessful, therefore it was decided to construct clone libraries. Cloning of the 

catechol 2,3-dioxygenase gene was initially performed using chemical transformation with 

the CloneJET PCR cloning kit. The qPCR products (which contain SYBR Green) were 

purified using the Nucleospin Gel and PCR kit and cloned using the blunt-end cloning 
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protocol. This was followed by chemical transformation and plating. However, the cloning 

failed as no colonies were observed on the LB-ampicillin plates but a lawn of growth on the 

LB plates which suggests that the strain of E.coli is growing, but without the insert. From 

these results, more optimization steps were required. This was followed by performing the 

cloning of the catechol 2,3-dioxygenase using the sticky-end cloning protocol, however, the 

results were the same.  The CloneJET PCR kit suggested that if the PCR products were 

>3kb, the ligation procedure should be prolonged up to 30 minutes and therefore it was 

decided to extend the ligation to 15 minutes using both the blunt and sticky-end cloning 

protocol of the C23O gene, however this resulted in no colonies. In addition, a separate 

experiment with the extended ligation period and doing transformation by electroporation for 

both the blunt and sticky-end cloning protocol was also attempted, this too was 

unsuccessful. In addition, two different E. coli strains E. coli BL21 and electrocompetent 

E. coli Epi 200, were tested without success. The cloning may have been unsuccessful for 

several reasons including very low transformation efficiency of the competent E. coli cells, 

presence of proteins or salts in the ligation mixture that was not purified by the Nucleospin 

Gel and PCR cleanup kit that could have been inhibiting the electroporation and this could 

have resulted in the low transformation efficiency. The other possibility for the unsuccessful 

cloning of the C23O gene is that the target sequence of the gene cannot be cloned into 

E. coli as it is toxic to the host and therefore it was suggested that in the future a more robust 

E. coli host needs to be chosen.      

 

3.9 Conclusions 

This project started with the isolation of metagenomic DNA from sand samples that were 

amended with synthetic winery wastewater. Previous studies performed on the same BSFs 

(Welz et al., 2011; Raymond et al., 2010) showed the presence of diverse bacterial 

communities contributing to the remediation of winery wastewater in biological sand filters. 

From the non-metric dimensional scaling plots changes in the bacterial populations were 

observed when comparing the two experimental systems to the control system after 

amendment with the synthetic winery wastewater. Changes in the bacterial community 

structure, one could hypothesise that it is due to seasonal/ temporal shifts or based on the 

phenomenon known as bacterial succession (Dini-Andreote et al., 2014).  Chemical data (a 

parallel study performed by Dr Pamela Welz) showed differences observed in COD removal 

efficiencies before the addition of the synthetic winery wastewater containing acetate (11 

weeks) and adding the synthetic winery wastewater formulation replacing the acetate with 

the glucose (refer to section 2.2.2). HPLC metabolite profiles (Appendix A) also suggested 
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complete removal of ethanol by the BSF systems, breakdown of the phenolic compounds 

(gallic acid and vanillin) and build-up of the toxic compound catechol.  The changes in the 

chemical milieu relate to the changes observed in the bacterial community structure of each 

BSF. 

Similar trends were observed for the fungal populations. Bacterial community structures 

shifted in the deep and surface samples. Fungal populations were more prominent at the 

surface of the BSFs and only detected in the deep samples after amendment with the 

synthetic winery wastewater. These results for the bacterial community structures were 

confirmed when analysing the phylogenetic profiles of each BSF system. The MICA3 data 

showed differences in the bacterial community structure from the start of the experiment to 

after the amendment with synthetic winery wastewater. Diversity of organisms between 

BSFs included the presence of Clostridium, Alteromonas, Pseudomonas, 

Pseudoalteromonas and Acinetobacter species. Each of the identified species could play 

distinct roles in the breakdown or build-up of metabolites. The diversity of species can be 

linked to spatial changes in the NMDS plots. The phylogenetic analysis showed the diverse 

bacterial communities present in the sand samples and from the study by Burton et al. 

(2007) it could be hypothesised that each bacterial species present in these systems could 

possibly be involved in specific metabolic pathways. By comparing our phylogenetic data to 

the bacteria identified by Burton et al. (2007) we could hypothesise that these organisms 

convert simple compounds (aromatic compounds and monosaccharides) into secondary 

metabolites and this is possibly achieved through several metabolic pathways.  

RNA was extracted from sand samples collected before and after amendment with synthetic 

winery wastewater and the total RNA was converted into cDNA. Attempts to amplify the 

alcohol dehydrogenase and catechol 1,2-dioxygenase genes were unsuccessful. The 

catechol 2,3-dioxygenase gene was successfully amplified and the changes in the 

expression levels of this gene were monitored by qPCR. An increase in the copy numbers of 

the C23O gene was observed after amendment with the synthetic winery wastewater as 

compared to the baseline samples, thus showing that with the addition of the synthetic 

winery wastewater could have increased the amount of C23O genes. Amendment with the 

synthetic winery wastewater resulted in the selection of microbial communities that would 

possibly have the ability to degrade catechol and were actively involved in the breakdown of 

waste. The amendment resulted in an increase in the number of organisms with the ability to 

produce the functional gene catechol 2,3-dioxygnease and therefore this resulted in an 

increase in the amount of catechol 2,3-dioxygenase genes being expressed. Attempts to 

investigate the diversity of C23O by DGGE analysis and cloning failed. 
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CHAPTER FOUR 

GENERAL DISCUSSION 

 

This study forms part of a larger WRC funded project that has been assessing the use of 

BSF for the bioremediation of winery wastewater. Studies by Welz et al. (2011) and Ramond 

et al. (2010) have shown that the bacterial communities present in the sand play a pivotal 

role in the breakdown of the components of the synthetic winery wastewater.  This research 

project is therefore necessary in order to monitor changes in both the bacterial and fungal 

communities through the use of molecular fingerprinting techniques before and after the 

amendment with synthetic winery wastewater, as well as to assess the presence of 

functional genes by qPCR. The isolation of the metagenomic DNA from sand samples 

before and after amendment with synthetic winery wastewater was performed and followed 

by the amplification of the bacterial 16S rRNA and the fungal ITS regions. The PCR products 

were digested and used for T-RFLP analysis. The T-RFLP profiles were assessed through 

several bioinformatics based programmes. Non-metric scaling dimension plots were created 

using Primer 6. These T-RFLP profiles were used for phylogenetic analysis using MICA3. 

From the sand samples taken, RNA was extracted and synthesised to cDNA and this was 

used for the amplification of the functional genes of interest using qPCR.  

The key findings in the study included the following:  

The T-RFLP profiles for both the bacterial and fungal community structures showed distinct 

differences in the community profiles before and after amendment with synthetic winery 

wastewater when comparing the experimental system to the control system (with the control 

system only receiving basal nutrients). The NMDS plots showed differences at the surface 

and depths of the BSFs for both the bacterial and fungal community structures. The study by 

Ramond et al., (2013), showed that through the use of BSFs for the treatment of winery 

effluent the microbial communities were responsive to the impact of the winery effluent and 

that as the community structure changed over time the remediation capacity remained high 

with a COD and phenolic removal rates of >98% throughout the experimental period. The 

results from this study strongly suggest that there was a selection of functionally redundant 

microbial communities (Allison and Martiny, 2008).  
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The T-RFLP profiles of the bacterial community were used for the phylogenetic analysis 

using the programme MICA3. These phylogenetic profiles of each BSF system showed 

distinct differences in the microbial community structures between experimental systems and 

control. Organisms of interest identified by MICA3 included Clostridum, Actinobacterium, 

Streptomyces, Acinetobacter, Rhodococcus and Sarcina species, which are common sand 

organisms. The prevalence of these organisms showed that they play a pivotal role in either 

the degradation or build-up of secondary metabolites through metabolic pathways as has 

been reported by others (Burton et al., 2007). The study provided insight into which 

metabolic pathways these organisms identified by MICA3 could possibly be involved in. The 

degradation of monosaccharides, or aromatic compounds to secondary metabolites by these 

organisms mentioned above could be possibly deduced from the study. The diversity of 

organisms detected by the MICA3 phylogenetic data of the experimental BSF and control 

BSF system confirmed the spatial differences of the points on the NMDS plots between the 

experimental and control BSF systems.  

Assessing the presence of functional genes was performed by extraction of RNA from the 

sand samples and synthesising it to cDNA. Amplification of the alcohol dehydrogenase and 

catechol 1,2-dioxygenase gene by real time PCR was unsuccessful. Amplification of the 

catechol 2,3-dioxygenase gene was successful. The catechol 2,3-dioxygenase gene was 

amplified by real time PCR for the cDNA from samples before (baseline) and after the 

amendment of synthetic winery wastewater. Normalisation of the C23O gene to a reference 

gene (rpoB) was performed. Relative quantification analysis revealed that there was an 

increase in the copy numbers from the start to the end of experiment  

The amendment with synthetic winery wastewater indeed had an effect on the bacterial and 

fungal community profiles of the BSF systems. The spatial differences in the points between 

the experimental BSF systems and the control BSF system was observed on the MDS plots.  

The change in microbial community structure was confirmed through the phylogenetic data 

generated by MICA3. The change in the microbial communities present in the BSFs was 

shown by the diversity of organisms present when comparing the organisms at the start 

(baseline) and after the amendment with synthetic winery wastewater. These organisms 

present are involved in the degradation or build-up of the compounds of the synthetic winery 

wastewater into other secondary compounds. The change in the bacterial community 

structure was indeed through the amendment with synthetic winery wastewater, and the 

components of the synthetic winery wastewater were degraded by the organisms present in 

the sand samples. The presence of functional genes, namely C23O gene in these sand 

samples which was confirmed by qPCR analysis; however, the diversity of the organisms 

producing the C23O gene could not be confirmed by the DGGE or sequencing data.  
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Despite the negative result obtained through this project, the key points obtained from this 

study include: that the T-RFLP analysis results provided insight that both the bacterial and 

fungal communities play a role in the remediation of the synthetic winery wastewater 

(metabolite profiles, Appendix A) and that functional genes such as catechol 2,3-

dioxygenase genes can be detected through qPCR, The increase in the expression of the 

C23O genes indicted that there was an increase in the microbial communities ability to 

degrade catechol. Cloning of catechol 2,3-dioxygenase gene using the CloneJET PCR 

cloning kit to confirm the diversity of organisms that was expressing the C23O gene by 

sequencing the positive colonies on the LB-amp plates, was unsuccessful. In future, more 

optimization would be required.   

This research project was necessary to establish the role that bacterial and fungal species 

play in the degradation or build-up of compounds associated with the synthetic winery 

wastewater. Two formulations of synthetic winery wastewater was included; both 

formulations contained ethanol and the phenolics, vanillin and gallic acid, which are all 

common components of winery effluent. In addition, the first formulation of synthetic winery 

wastewater contained acetate, and the second formulation contained glucose, which are 

typically major contributors to the organic fraction of winery wastewater. The changes in the 

microbial communities can thus be compared to the chemical data of the effluent analysis 

(Appendix A), to assess whether the organisms present in the sand are involved in the 

remediation of the synthetic winery wastewater. In order to evaluate the biodegradative 

metabolic processes taking place in the BSFs, as well as the effect of winery wastewater 

composition on these processes, the treatment of two formulations of synthetic winery 

wastewater were compared (section 2.2.2, page 32). It has previously been shown that 

build-up of VFAs, particularly acetate, takes place in BSFs and other systems treating winery 

effluent or components of winery effluent (Ganesh et al., 2010; Welz et al., 2011, 2012).  

When assessing the superficial niches after the amendment with the synthetic winery 

wastewater containing acetate, both experimental BSFs P1 and BSF P2 group together, 

showing 60% similarity to one another and 40% similarity to the control (PC), and at had an 

impact on the bacterial community structure (Figure 3.4) which was greater at the outlet than 

the inlet. It was hypothesised that these differences observed from the changes in chemical 

milieu resulting from substrate degradation gradients between the inlet and outlet of the 

BSFs (Welz et al., 2014). After the amendment with the synthetic winery wastewater 

containing glucose, BSF P1 and BSF P2 group together showing 60% similarity to one 

another and 40% similarity to the control. It is inferred from these results that, unlike 

amendment with synthetic winery wastewater containing acetate, synthetic winery 

wastewater containing glucose had a similar impact on the bacterial community structure in 
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the superficial niches at the inlet and outlet (Welz et al., 2014). At the deep niches, similar 

trends were noted in the deep and superficial niches, where each wastewater had an impact 

on the bacterial community structures, with similar impacts being determined at the inlet and 

outlet after amendment with synthetic winery wastewater containing glucose, but a greater 

impact at the outlet after amendment with synthetic winery wastewater containing acetate. In 

each instance, temporal changes not related to wastewater amendment were also noted, as 

evidenced by shifts in points representing the control BSF PC. The two formulations of 

synthetic winery wastewater was included on the hypothesis that the treatment of this 

effluent containing the glucose would be more effective than the treatment of the one 

containing acetate. However in the deep niches, the synthetic winery wastewater containing 

acetate had more of an effect. 

This project dealt with assessing the changes of the bacterial community structures after the 

amendment with synthetic winery wastewater, in addition metabolite profiles (including 

sugars, alcohols and acids; phenolic compound characterisation) was performed as a 

parallel study which revealed that during the treatment with synthetic winery wastewater 

many other factors played a vital role. In a previous study by Welz et al., (2012), it has been 

shown that phenolic removal in BSFs takes place via adsorption and biodegradation. In the 

parallel study, at the end of amendment with each wastewater formulation, the total phenolic 

concentrations in the effluent from BSF1 and BSF2 were 11.0 ± 0.0 and 5.0 ± 1.4 mg GAE/L 

(week 19) and 25.1 ± 0.0 and 19.7 ± 0.4 mg GAE/L (week 30), respectively. No phenolics 

were detected in samples from the control (BSFC). The influence of wastewater composition 

on phenolic removal in different spatial niches was accomplished by analysis of pore water 

samples taken at the end of amendment with synthetic winery wastewater containing acetate 

and containing glucose (week 20, week 31) (Appendix A).  

The parallel study by Welz et al., (2014) showed that the overall organic removal, weekly 

COD concentration was measured during the course of the 31-week study. However, 

despite the mode of operation, set up and experimental protocol being exactly the same for 

each experimental system, during the amendment with the synthetic winery wastewater 

containing acetate, there were notable differences in the results obtained for BSF P1 and 

BSF P2, differences were also observed in the community structures. This confers that these 

should be replicated of a biological nature even if a larger study is conducted (Hurlbert, 

2013; Morrison and Morris, 2000). As hypothesized, the effluent COD was higher during 

amendment with synthetic winery wastewater containing acetate, than with synthetic winery 

wastewater containing glucose at the end of the respective experimental periods (week 20 

and 31). This finding strongly suggests that the microbial communities had rapidly adapted 

(acclimated) to synthetic winery wastewater containing glucose, but not to synthetic winery 
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wastewater containing acetate at this stage (Welz et al., 2012). The COD of the control 

system (BSFC) was consistently less than 25 mg/L. 

The redox status of each BSF system resulted in the selection of the bacterial consortia with 

different organisms being present at the surface and deep sediments. Figure A.1 and A.2 

showed the metabolite profiles and that the accumulation and biodegradation of organic 

substrates and metabolites also led to the different organisms being present which was 

strongly influenced by the redox potential of each niche. From the Figure A.1 and A.2, 

organics such as glucose, ethanol and phenolic were more readily degraded in the deep 

sediments. However, the accumulation of volatile fatty acids was more prominent in the deep 

sediments of the BSFs. For future research, it was suggested that the BSFs be configured 

and operated in a manner that the wastewater be treated under redox conditions in order to 

obtain complete degradation of compounds. One alternative that was suggested is a 

polishing aeration step for the wastewater that has been treated in the BSFs. However, 

trickling filters are a more feasible option and is currently being explored. 

The presence of the functional gene (C23O gene) provided a new insight to previous studies 

by Welz et al. (2011) and Ramond et al. (2010), as it confirmed that presence of genes that 

play a role in the build-up or degradation of components of the synthetic winery wastewater. 

The cumulative findings from these studies provided the necessary information required to 

design (configuration and operation) a full scale sand bioreactor system to be utilised for the 

treatment of winery wastewater which has been successfully installed at a winery. 

Despite that many of the experiments (i.e. DGGE, conclusive phylogenetic analysis, 

amplification of ADH gene), the chemical profile for each BSF and T-RFLP analysis, in 

conjunction with previous studies by Welz et al., (2011) and Ramond et al., (2013) provides 

the basis for the possible implementation of a full scale BSFs situated at a small winery. 

For future studies, according to Cydzik-Kwiatkowska and Zielińska, (2016) one fundamental 

step to improve wastewater treatment technology an in depth of the microbial ecology is 

needed. Bacterial metabolism determines the effectiveness and running of the biological 

treatment of wastewater systems. Hence, it is important to define the relations between the 

species structure and the performance (operational parameters) of a treatment system. The 

relationship between microbial succession and operating parameters of the wastewater 

treatment system needs to be well defined and possibly coupled culture-dependant and PCR 

based methods could support the implementation of full-scale technologies.  
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NGS allows for the genomic scale DNA sequencing and data to be generated at a low cost 

and thus NGS is revolutionising the field of molecular ecology. Few molecular ecologists are 

yet to familiarise themselves with the use of NGS data, however an increase in the number 

of statisticians have begun developing models to incorporate NGS characteristics into 

molecular ecology analysis (Andolfatto et al. 2011; Gompert & Buerkle 2011). The 

excitement of using new NGS platforms has generated momentum among researchers to 

involve environmental DNA analysis, however optimization and benchmarking is required. 

Rapid progression of NGS technologies has provided optimism for a bright future for the field 

of next-generation environmental DNA analysis (Shokralla et al., 2011). In relation to this 

study, for future research NGS should be considered as a platform for DNA analysis of 

environmental research. 

 

Even though the study has presented various results, there are some recommendations for 

future research: 

• Optimization of the nested PCR using the catechol 2,3-dioxygenase GC clamped 

primers set, including changing parameters 

• Further optimization for the alcohol dehydrogenase and catechol 1,2-dioxygenase 

primers sets 

• Possibly re-design the functional genes primers according to available sequences on 

GenBank 

• Cloning of the catechol 2,3-dioxygenase gene but using other E. coli strains as a host 

• Normalisation of RNA to another reference gene and expressing this data as a 

percentage.  

• Next generation sequencing (NGS) 
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APPENDIX A: METABOLITE PROFILES OF BSFs 
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Figure A.1 and Figure A.2 shows the chemical analysis performed by HPLC of each 

metabolite profile of the BSFs. This analysis was performed by Dr Pamela Welz, during the 

course of her PhD candidacy.  The total phenolics of each BSF was determined using the 

Folin-Ciocalteau micro method for total phenolics in wine, based on the method described by 

Slinkard and Singleton, (1997). Gallic acid monohydrate standards were prepared at the 

BTB laboratory and the results were expressed as mg/L in gallic acid equivalents (GAE) 

determined from a standard curve. Individual phenolics, sugars, acids and alcohols in the 

effluent samples were identified and quantified using reverse phase HPLC (described by 

Welz et al., 2012). 
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Figure A.1: The chemical oxygen demand/ metabolite profiles of the sugars, acids and alcohols of pore water samples taken from the superficial inlet (A) 

deep inlet (B), superficial outlet (C) and the deep outlet (D) of BSF P1 and P2 after the amendment with synthetic winery wastewater over the 31-week 

study period.  
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Figure A.2: The Ttemporal changes in the average concentration of total phenolics in the superficial 
(A) and deep (B) niches during amendment with synthetic winery with an influent phenolic 
concentration of 62.5 mg GAE/L (weeks 26-28), and 250.0 mg GAE/L (weeks 29-31).  
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APPENDIX B: THEORETICAL COD CALCULATIONS 
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100 mg/ L Vanilllin (C8H8O3): 

CODt    =    
8(4x+y−2z)

(12x+y+16z)
mg COD/ mg CxHyOz 

CODt = 
8[4(8)+8−2(3)]

[12(8)+(8)+16(3)]
 =     

272

152
=  1.79 mg COD/ mg 

100 mg/L X  
1

1.79 mg COD/mg
=  55 mg/L 

55 mg   →   1 L 

X          →   22 L 

X = 1210 mg 

X = 1210 mg 1000 = 1.21 g vanillin 

 

100 mg/L Gallic acid (C7H6O5): 

CODt    =    
8(4x+y−2z)

(12x+y+16z)
mg COD/ mg CxHyOz 

CODt = 
8[4(7)+6−2(5)]

[12(7)+(6)+16(5)]
 =     

192

170
=  1.12 mg COD/ mg 

100 mg/L X  
1

1.12 mg COD/mg
=  89.29 mg/L 

89.28 mg  → 1 L 

X              → 22 L 

X = 1964.16 

X = 1964.16 ÷ 1000 = 1.96 g gallic acid 
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800 mg/L Glucose (C6H12O6): 

CODt    =    
8(4x+y−2z)

(12x+y+16z)
mg COD/ mg CxHyOz 

CODt = 
8[4(6)+12−2(6)]

[12(6)+(12)+16(6)]
 =     

192

180
=  1.07 mg COD/ mg 

100 mg/L X  
1

1.07 mg COD/mg
=  747.66 mg/L 

747.66 mg  → 1 L 

X              → 22 L 

X = 16448.52 mg 

X = 16448.52 mg ÷ 1000 = 16.45 g glucose  

 

1000 mg/L Ethanol (C2H6O): 

CODt    =    
8(4x+y−2z)

(12x+y+16z)
mg COD/ mg CxHyOz 

CODt = 
8[4(2)+6−2(1)]

[12(2)+(6)+16(1)]
 =     

96

46
=  2.09 mg COD/ mg 

100 mg/L X  
1

2.09 mg COD/mg
=  478.47 mg/L 

478.47 mg  → 1 L 

X              → 22 L 

X = 10438.34 mg 

X = 10438.34 mg ÷ 1000 = 10.44 g ethanol 

ρ = 
𝑚

𝑣
 

v = 
𝑚  

𝜌
  =   

10.44 𝑔

0.790 𝑔/𝑚𝑙
 = 13.22 ml ethanol 
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APPENDIX C: AMPLICATION AND MELTING CURVES 

STANDARD CURVE AND qPCR Cp VALUES AND COPY NUMBERS FOR C23O GENE 
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Figure C.1: Melting curve analysis (A) and Amplification curves (B) of CZA14TgDNA, synthesised 

cDNA samples with the catechol 2,3-dioxygenase gene using real time qPCR of the samples taken at 

the start of the experiment (baseline). 
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Figure C.2: Standard curve of CZA14T gDNA at different concentrations using the online calculator 

(copy number calculator for real time PCR – Science Primer, 2015) for the C23O gene.  

 

Table C.1: Copy numbers of the C23O genes at the start and end of the experiment 

Baseline Sample Cp number concentration Copy numbers 

CZA14T10 ng 27.64  

CZA14T50 ng 27.47  

CZA14T100 ng 27.61  

P1 and P2 Sup In 10 ng 27.64 11.40 

P1 and P2 Sup In 50 ng 27.56 11.36 

P1 and P2 Sup In 100 ng 27.58 11.37 

P1 and P2 Deep In 10 ng 27.53 11.34 

P1 and P2 Deep In 50 ng 27.60 11.38 

P1 and P2 Deep In 100 ng 27.72 11.44 

P1 and P2 Sup Out 10 ng 27.97 11.56 

P1 and P2 Sup Out  50 ng 27.94 11.55 

P1 and P2 Sup Out 100 ng 27.87 11.51 

P1 and P2 Deep Out 10 ng 27.53 11.34 

P1 and P2 Deep Out  50 ng 27.30 11.23 

P1 and P2 Deep Out 100 ng 27.90 11.53 

PC Sup In 10 ng 28.01 11.58 

PC Sup In 50 ng 28.02 11.59 

PC Sup In 100 ng 27.82 11.49 

PC Deep In 10 ng 27.86 11.51 

PC Deep In 50 ng 27.86 11.51 

PC Deep In 100 ng 27.91 11.53 

PC Sup Out 10 ng 27.92 11.54 

PC Sup Out  50 ng 27.77 11.46 

PC Sup Out 100 ng 28.03 11.59 

PC Deep Out 10 ng 27.99 11.57 

PC Deep Out  50 ng 27.27 11.21 

PC Deep Out 100 ng 27.74 11.45 

After amendment samples   

CZA14T10 ng 25.78  

CZA14 10ng

CZA14 50ng

CZA14 100ng

y = 1.9854x + 5.0124
R² = 0.7502
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CZA14T50 ng 26.31  

CZA14T100 ng 28.03  

P1 Sup In 10 ng 27.68 11.43 

P1 Sup In 50 ng 28.80 11.98 

P1 Sup In 100 ng 29.10 12.13 

P1 Deep In 10 ng 27.43 11.29 

P1 Deep In 50 ng 26.70 10.92 

P1 Deep In 100 ng 26.56 10.85 

P1 Sup Out 10 ng 36.38 15.80 

P1 Sup Out  50 ng 33.99 14.60 

P1 Sup Out 100 ng 30.92 13.05 

P1 Deep Out 10 ng 30.95 13.06 

P1 Deep Out  50 ng 32.24 13.71 

P1 Deep Out 100 ng 36.72 15.97 

P2 Sup In 10 ng 29.29 12.23 

P2 Sup In 50 ng 26.99 11.07 

P2 Sup In 100 ng 28.56 11.86 

P2 Deep In 10 ng 39.56 17.40 

P2 Deep In 50 ng 37.73 16.48 

P2 Deep In 100 ng 37.08 16.15 

P2 Sup Out 10 ng 30.78 12.98 

P2 Sup Out  50 ng 34.90 15.05 

P2 Sup Out 100 ng 33.42 14.31 

P2 Deep Out 10 ng 30.40 12.79 

P2 Deep Out  50 ng 31.66 13.42 

P2 Deep Out 100 ng 32.72 13.96 

PC Sup In 10 ng 31.39 13.29 

PC Sup In 50 ng 31.46 13.32 

PC Sup In 100 ng 31.40 13.29 

PC Deep In 10 ng 32.13 13.66 

PC Deep In 50 ng 33.02 14.11 

PC Deep In 100 ng 33.23 14.21 

PC Sup Out 10 ng 37.41 16.32 

PC Sup Out  50 ng 38.12 16.68 

PC Sup Out 100 ng 38.28 16.76 

PC Deep Out 10 ng 37.07 16.15 

PC Deep Out  50 ng 37.41 16.32 

PC Deep Out 100 ng 38.12 16.68 
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APPENDIX D: STANDARD CURVE FOR rpoB GENE 
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Figure D.1: Standard curve of CZA14T gDNA at different concentrations using the online calculator 

(copy number calculator for real time PCR – Science Primer, 2015) for the rpoB gene.  
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