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  Abstract        The presence of feacal-derived pathogens in water is responsible for several infectious diseases 
and deaths worldwide. As a solution, sources of fecal pollution in waters must be accurately assessed, 
properly determined and strictly controlled. However, the exercise has remained challenging due to the 
existing overlapping characteristics by diff erent members of faecal coliform bacteria and the inadequacy 
of information pertaining to the contribution of seasonality and weather condition on tracking the possible 
sources of pollution. There are continued eff orts to improve the Faecal Contamination Source Tracking 
(FCST) techniques such as Microbial Source Tracking (MST). This study aimed to make contribution to 
MST by evaluating the effi  cacy of combining site specifi c quantifi cation of faecal contamination indicator 
bacteria and detection of DNA markers while accounting for seasonality and weather conditions’ eff ects 
in tracking the major sources of faecal contamination in a freshwater system (Donghu Lake, China). The 
results showed that the use of  cyd  gene in addition to  lacZ  and  uidA  genes diff erentiates  E .  coli  from other 
closely related faecal bacteria. The use of selective media increases the pollution source tracking accuracy. 
BSA addition boosts PCR detection and increases FCST effi  ciency. Seasonality and weather variability also 
infl uence the detection limit for DNA markers. 
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 1 INTRODUCTION 

 Freshwater ecosystems are some of the readily 
available sources of drinking water (United Nation 
Environmental Management Program [UNEP], 
2001). Freshwater lakes are the most predominant 
forms of surface freshwater systems, they are essential 
drinking water sources and support many domestic 
and agricultural activities (Pimentel et al., 2004; 
Kaoga et al., 2013; Donde et al., 2015). Donghu Lake 
located at 30°33ʹN, 114°23ʹE within Wuhan City in 
China is a shallow freshwater lake of about 33 km 2  in 
surface area.  Being the largest urban lake in China, 
Donghu Lake is extremely and increasingly being 
exposed to pollution by numerous urban related 

human activities, such as the discharge of semi-treated 
industrial and domestic wastes and wastewaters (Liu 
et al., 2006; Tian et al., 2015). Every Public and 
environmental health protection agency has a 
responsibility of ensuring the safety of water sources 
by making sure that they are free of pathogenic 
bacteria (United State Environmental Protection 
Agency (U.S.E.P.A.), 2000; Public Health England 
(PHE), 2014; Donde, 2017). Drinking water sources 
have continued to diminish due to climate change 
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(U.S. Global Change Research Program (USGCRP), 
2016). Additionally, the quality of this valuable 
resource is under a huge threat due continuous rise in 
contamination by human and/or animal faeces (Donde 
et al., 2015). The presence of faecal-derived 
pathogenic microorganisms (bacteria, virus, protozoa) 
in water and other aquatic organisms is responsible 
for several infectious diseases and numerous deaths 
worldwide (WHO, 2005, 2013; Donde et al., 2014). 
Among the pathogens disseminated in water sources, 
enteric pathogens are the ones most frequently 
encountered (Jahne et al., 2016). As a consequence, 
sources of fecal pollution in waters devoted to human 
activity must be strictly controlled. However, this 
exercise has remained challenging due to the existing 
overlapping characteristics by diff erent members of 
faecal coliform bacteria (Yamazaki and Fukasawa, 
2011). For example, few  E .  coli  strains possess bio-
chemical characteristics very similar to those of Shigella, 
this makes it diffi  cult to accurately determine pollution 
levels and track the source of faecal contamination 
based on chemical characteristics of a specifi c faecal 
bacterial indicator group (Quirós et al., 2015).  

 Techniques such as Polymerase Chain Reaction 
(PCR) have become important tools for rapid 
detection of faecal bacteria. Indeed,  E .  coli  and other 
faecal pathogens can now be detected by targeting 
genes such as:  lacZ ,  uidA  and  cyd . (Quirós et al., 
2015). The introduction of real-time Quantitative 
PCR (Q-PCR) has facilitated more rapid, specifi c and 
quantitative enumeration of gene targets as they are 
amplifi ed in real-time (Jenkins et al., 2012). The 
major challenge at the present is diffi  culty in 
incorporating these techniques into faecal 
contamination source tracking across diff erent aquatic 
ecosystems due to possible insuffi  cient  E .  coli  
specifi city or insuffi  cient universality across  E .  coli  
strains. Therefore, studies have focused on improving 
the faecal contamination source tracking techniques 
such as Microbial Source Tracking (MST) (Reischer 
et al., 2013). Main aim of MST technique has been to 

attribute water contamination to fecal source hosts in 
a defi ned geographic region in which key water 
locations are periodically tested. Molecular targets of 
fecal bacteria dominate the current MST mode and 
are often tested using diff erent approaches (Ohad et 
al., 2015). However, seasonality and weather 
variability has been proven to pose greater infl uence 
on the accuracy and detection limit of MSTs (Chase et 
al., 2012). This study aims to contribute to further 
understanding and modifi cation of faecal 
contamination source tracking by evaluating the 
effi  cacy of combining site specifi c quantifi cation of 
indicator bacteria and detection of DNA markers in 
tracking the major origin and source of faecal 
contamination in a freshwater system (Donghu Lake, 
in Wuhan, China) while considering the weather and 
seasonality variations. It also looks into the 
contributions by diff erent kinds of media (selective 
and non-selective) as well as Bovine Serum Albumin 
(BSA) in giving more accurate and reliable results. 
The study forms part of an eff ort to ensure 100% detection 
effi  ciencies of faecal pollution sources for quicker, 
timely and effi  cient faecal pollution control measures.    

 2 MATERIAL AND METHOD 

 2.1 Sampling 

 Water samples were aseptically obtained in 
triplicate at 15 cm depth below the water surface from 
four selected sites with varying anthropogenic 
infl uences within Donghu Lake; Site 1 (30°33ʹ11″N 
and 114°20ʹ42″E), Site 2 (30°32ʹ54″N and 
114°20ʹ55″E), Site 3 (30°32ʹ53″N and 114°21ʹ03″E) 
and Site 4 (30°32ʹ34″N and 114°22ʹ06″E) (Table 1 
and Fig.1) from May 2016 to February 2017. In situ 
measurements of temperature, pH and dissolved 
oxygen (DO) were conducted using a YSI ProODO TM  
handheld dissolved oxygen meter (USA). Data on 
weather condition were accessed from the weather 
station nearest to the Lake (Wuhan weather station). 
Sampling and sample storage followed the regulations 
by APHA (2005). The sterilized bottles were 
aseptically fi lled up with the samples and stored in a 
cool box with ice and transported to the Key 
Laboratory of Algal Biology at the Institute of 
Hydrobiology of the Chinese Academy of Science in 
Wuhan for appropriate analyses. 

 2.2 Samples analyses 

 Water samples were subjected to Membrane 
Filtration Technique (MFT), Polymerase Chain 

 Table 1 Sampling sites locations and descriptions 

 Site  Location  Description 

 Site 1  30°33ʹ11″N 
 114°20ʹ42″E  Close to a busy urban street and hospital 

 Site 2  30°32ʹ54″N 
 114°20ʹ55″E  Sewage entry point 

 Site 3  30°32ʹ53″N 
 114°21ʹ03″E  Site with minimum human activities 

 Site 4  30°32ʹ34″N 
 114°22ʹ06″E  Water runway discharge point. 
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Reaction (PCR), real time Quantitative-PCR (qPCR) 
and DNA sequencing to determine the quantities and 
dominant members of faecal bacteria contamination 
indicators at diff erent sites and times within the lake 
and to track possible sources of contamination.  

 2.2.1 Membrane Filtration Technique (MFT) 

 MFT for total coliforms and  E .  coli  abundances 
followed guidelines outlined in American Public 
Health Association (APHA) (2005) and Public Health 
England (PHE), (2014).  This was done within 6–24 h 
after sampling to avoid changes in bacteria count due 
to growth or die off . Aseptic techniques were observed 
in all the analyses. The selective Chromocult Coliform 
Agar (Merck) was used to prepare the media following 
the manufacturers instruction. About 26 grams of the 
agar was dissolved in 1 L and heated until all the agar 
dissolved (Clear solution). The medium was cooled to 
around 50°C and poured into plates. Aseptic fi ltration 
was done separately for each water sample dilutions 
by passing the sample through a membrane fi lter 
(47 mm diameter, 0.45 μm pore size) on a fi ltration 
unit. The fi lter was then lifted off  using a pair of 
forceps and placed onto the surface of the culture 
media (in the plate) and incubated at 37°C for 24 h. 
Counting of coliform bacteria was based on its ability 
to produce β-D- galactosidase, an enzyme which is 
characteristic of coliform bacteria, to cleave the 
substrate Salmon-GAL. With the reaction results 
being salmon red colored coliform bacteria colonies. 

Counting of  E .  coli  was based on the cleavage of both 
the substrates X-glucuronide by s-D-glucoronidase 
and Salmon-GAL by β-D-galactosidase, an enzyme 
combination, which is characteristic of  E .  coli . In the 
presence of  E .  coli  both substrates are cleaved, 
resulting in colonies that take on a dark blue to violet 
color as opposed to the salmon red of other coliform 
bacteria colonies (PHE, 2014). 

 2.2.2 PCR and real-time qPCR 

 Bacterial DNA was extracted from the water 
samples using EZNA water DNA kits (Omega, 
America). For each water samples, DNA was 
extracted and analyzed separately. Primers targeting 
the functional genes;  LacZ  specifi c for total coliforms, 
 uidA  specifi c for  E .  coli  + other faecal coliforms and 
 cyd  specifi c for  E .  coli  were used to quantify the total 
coliforms, faecal coliforms and  E .  coli .  Primers of 
qPCR was designed based on the known specifi c 
primers from literature (Table 2). The amplifi cation of 
qPCR products was carried out using a real time PCR 
detector (Bio-Rad, America) with SYBR Green I as a 
signal dye. Conditions of PCR amplifi cation were as 
follows: initial denaturation at 94°C for 3 min, and 34 
cycles with denaturation at 94°C for 30 s, annealing at 
58°C for 30 s s and extension at 72°C for 30 s. PCR 
amplifi cation was performed in a 20-μL reaction 
volumes containing 10 μL iTaq universal SYBR 
Green Supermix (Bio-Rad, America), 7 μL of double 
distilled water, 1 μL of both forwards and reverse 
primers and 1 μL template (sample). All samples were 
analysed in triplicate. A fi nal melting curve analysis 
was performed to check the specifi city of the 
amplifi cation reaction.  

 Standards of qPCR were generated by PCR using 
the appropriate primers. PCR amplifi cation products 
were analysed by electrophoresis in an agarose gel in 
0.5×Tris-borate-EDTA (TBE) buff er to check for the 
specifi city of the amplifi cation. After confi rmation by 
agarose gel electrophoresis, the PCR products were 
cloned into pMD18-T vector (TaKaRa, Japan). 
BLAST analysis was then used to check primer 

 Table 2 Primers used in PCR and qPCR 

 Primer  Sequence  Reference 

  lacZ   F-5 ' -ATGAAAGCTGGCTACAGGAAGGCC-3 '   
R-5 ' -GGTTTATGCAGCAACGAGACGTCA-3 '  

 Bej et al., 
1991 

  uidA   F-5 ' -ATCGGCGAAATTCCATACCTG-3 '    
R-5 ' -GTTCTGCGACGCTCACACC-3 '  

   Horáková et al., 
2006 

  cyd   F-5 ' -CCGTATCATGGTGGCGTGTGG-3 '   
R-5 ' -GCCGGCTGAGTAGTCGTGGAAG-3 '  

   Horáková et al., 
2006 
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specifi city to the target sequences. Positive clones 
were separated and subjected to plasmid DNA 
extraction using AxyPrep plasmid mini pre-kits 
(Axygen, China). Circular plasmids were then 
digested with Barma HI (TaKaRa, Japan). 10 folds’ 
dilution series of plasmid DNA of concentration 
ranging from 10 9  to 10 3  copies/μL   were used to 
generate the standard curve of qPCR. Standards were 
measured in triplicate and each standard curve was 
checked for validity by  R  2  value and amplifi cation 
effi  ciency (E). The number of target total coliforms 
population/concentration was then normalized by the 
DNA concentration quantifi ed gene copies/1 000 mL 
water, as outlined in Lee et al. (2006). 

 2.2.3 Phylogenetic identifi cation of dominant faecal 
coliform members based on selective and non-
selective media 

 Pour plate technique was used to grow colonies for 
taxonomic identifi cation of faecal coliforms. The 
samples were stored under 4°C prior to analyses.  
Aseptic technique was observed at all stages. 
Chromocul Coliform Agar (Merk) was used as 
selective media to isolate colonies of faecal coliforms 
while Lysogeny Broth (LB) media was used as non-
selective media for general bacterial colony growth. 
The plates were stored at 37°C for 24 h. Representative 
colonies from each plate (10 colonies/plate) were 
randomly chosen and subjected to PCR using Primers 
(27F: 5′-GAGTTTGATCCTGGCTCAG-3′ and 
1492R: 5′-GGTTACCTTACGACTT-3′) to amplify 
16S rRNA gene. PCR amplifi cation was performed in 
a 20-μL reaction volumes containing 9 μL iTaq 
universal SYBR Green Supermix (Bio-Rad, America), 
9 μL double distilled water, 1 μL of both forwards and 
reverse primers and template (sample) inoculated 
using sterilized toothpick tip. The PCR was done 
under the following conditions: 34 cycles at 94°C for 
5 min, 94°C for 60 s, 55°C for 60 s and 72°C for 
2 min (Wang et al., 2009; Li et al., 2014). 1% Agarose 
gel electrophoresis was run to test the specifi city of 
the amplifi cation. The positive PCR products were 
then sent for sequencing at Wuhan ICONGENE 
biotechnology company at the Institute of 
hydrobiology, Chinese Academy of Science, Wuhan, 
China. The 16S rRNA gene sequences from selected 
colonies were analyzed using Basic Local Alignment 
Tool (BLAST) at the National Centre for 
Biotechnology Information (NCBI) website. Isolates 
were presumptively identifi ed according to the 
identity of the closest cultured relative in the top 

BLAST hits. The 16S rRNA gene sequences of all the 
selected colonies and their closest reference sequences 
were applied for phylogenetic analysis using Mega 5 
software package (Li et al., 2014). The sequences 
were then aligned using the positional tree server with 
a data set containing the nearest relative matches. Trees 
were constructed using the neighbor joining algorithm.       

 2.2.4 Tracking of faecal contamination sources 

 Bacterial source tracking was used to identify 
possible sources of fecal contamination to the lake 
within diff erent sites and at diff erent times. DNA 
isolates from water samples were subjected to PCR 
procedure as described previously to detect the 
presence of genes associated with diff erent animals 
(ruminants, bovines, swine and humans) using 
diff erent primers (Table 3). This was accomplished by 
subjecting DNA isolates to PCR procedure. One 
microgram of BSA that has the potential to stabilize 
component in DNA blunt end and replacement assays 
was added whenever necessary during the PCR 
procedure. Quantifi cation followed guideline in 
Reischer et al. (2013), plasmid DNA was prepared 
using the respective PCR product amplifi ed out of 
faecal DNA with the respective primers. Fragments 
were cloned into pMD18-T followed by BLAST 
analysis as described previously. The plasmid 
extraction, plasmid DNA concentration measurement, 
generation of qPCR standards and determination of 
Marker DNA copies concentration from various 
samples were done as previously described in this 
study. Conditions of qPCR amplifi cation were as 
follows: initial denaturation at 95°C for 2 min, and 34 
cycles with denaturation at 94°C for 30 s, annealing at 
58°C for 30 s s and extension at 72°C for 30 s. 

 2.3 Data analysis and interpretation 

 Data were analyzed using Statistical Package for 
the Social Sciences (SPSS) and subjected to Normality 
test prior to further analysis. Since most of it were not 
normally distributed, Kruskal Wallis H test (Analysis 
of Variance (ANOVA) on ranks) was used to compare 
the median values. Tukey tests was used as post-hock 
test. Confi dence level was kept at 95% ( P =0.05). 

 3 RESULT 

 3.1 Physico-chemical parameters 

 The values for pH, Temperature and Dissolved 
Oxygen (DO) indicated spatial-temporal variation 
(Fig.2). There were higher median values for pH, 
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temperature and DO values during summer seasons 
than winter seasons. All the values were statistically 
diff erence between the sites,  P =0.001, 0.001 and 
0.011 respectively for pH, temperature and DO. 

 3.2 Bacterial abundances through MFT  

 The values for total coliforms and  E .  coli  through 
MFT are provided in (Fig.3). On a general note, sites 2 
and 4 gave higher values than sites 1 and 3. The values 
for total coliforms and  E .  coli  were higher in summer 
season than winter season. There was clear signifi cant 

diff erence in the values for total coliforms between 
sites, irrespective of the seasonality (sampling time). 
For  E .  coli , all the sites were signifi cantly similar 
except to sites 2 summer and site 4 summer.  

 3.3 Bacterial abundances through qPCR 

 The quantities of diff erent faecal contamination 
bacterial indicators per specifi c sites at a given season 
were also studied and comparisons made based on the 
copy numbers for  lacZ ,  uidA  and  cyd  genes (Fig.4). 
Values for  lacZ  copies were highest and  cyd  was the 

 Table 3 Details of primers used in faecal contamination source tracking assay 

 Assay  Primer  Sequence (5 '   3 ' )  Reference 

 Ruminants 

 BacR   

 Reischer et al., 2006  Forward primer   GCGTATCCAACCTTCCCG  

 Reverse primer  CATCCCCATCCGTTACCG 

 Bovine 

 CowM2   

 Shanks et al., 2008 

 Forward primer   CGGCCAAATACTCCTGATCGT  

 Reverse primer  GCTTGTTGCGTTCCTTGAGATAAT 

 CowM3   

 Forward primer   CCTCTAATGGAAAATGGATGGTATCT 

 Reverse primer  CCATACTTCGCCTGCTAATACCTT  

 Swine 

 Pig-2-Bac   

 Mieszkin et al., 2009  Forward primer   GCATGAATTTAGCTTGCTAAATTTGAT  

 Reverse primer  ACCTCATACGGTATTAATCCGC  

 Humans  

 BacH(I)   

 Reischer et al., 2007; Shanks et al., 2009 

 Forward primer   CTTGGCCAGCCTTCTGAAAG 

 Reverse primer  CCCCATCGTCTACCGAAAATAC 

 BacH(II)   

 Forward primer   CTTGGCCAGCCTTCTGAAAG 

 Reverse primer  CCCCATCGTCTACCGAAAATAC 

 HumM3   

 Forward primer   GTAATTCGCGTTCTTCCTCACAT 

 Reverse primer  GGAGGAAACAAGTATGAAGATAGAAGAATTAA 
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 (I) pH, (II) temperature and (III) DO within sites at diff erent seasons [Site 1 Summer (S1S), Site 1 Winter (S1W), Site 2 Summer (S2S), Site 2 Winter 
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least across the sites. Samples from summer season 
had higher values than from winter seasons.  On 
comparing diff erent sites, site 2 and 4 had higher copy 
values of all the genes than sites 1 and 3 (Fig.5). There 
was positive correlation between total coliforms and 
 E .  coli . Dissolve oxygen and temperature did not 
show any correlation with both the total coliforms and 
 E .  coli . However, pH had positive correlation with all 
the other parameters (Table 4).    

 3.4 Phylogenetic identifi cation of dominant 
 Escherichia  and  Shigella  species 

 Sequencing result gave a number of faecal coliform 
bacteria species. Out of all,  Shigella   fl exneri  strain 
ATCC 29903,  Escherichia   marmotae  strain 
HT073016,  E .  fergusonii  strain ATCC 35469,  S . 
 sonnei  strain CECT 4887,  E .  hermannii  strain CIP 
103176  and   E .  coli  strain E191-4 were the most 
dominant with more than 30% detection on selective 
media. There was a higher detection percentage on 
using selective media (Chromocult coliform agar) 
than non-selective media (LB media) (Tables 5 and 6, 
Fig.6).  Escherichia   fergusonii  and  E .  hermannii  had 
the highest detection percentage under selective 
media as compared to  S .  sonnei  and  E .  hermannii  
under non-selective media. However, the other 
member of genus  Shigella , ( S .  fl exneri ) had no close 
relationship as compared to the other dominant faecal 
coliform bacteria (Fig.7). 
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 Table 4 Correlation between parameters physico-chemical 
and bacteria values 

    TC  EC  Temperature  (°C)  pH  DO  (mg/L)

 TC  1  0.722**  0.105  0.336**  -0.143 

 EC    1  -0.06  0.388**  -0.042 

 Temperature  (°C)    1  0.342**  0.381** 

 pH        1  0.517** 

 DO              1 

 **: correlation is signifi cant at 0.01 level (2-tailed). 
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 Table 5 Percentage of occurrence ( n =30) for  Escherichia  and  Shigella  species through selective media (Chromocult) 

 Species 
 Frequency of occurrence per site 

 Overall percentage of occurrence (%) 
 Site 1  Site 2  Site 3  Site 4 

  S .  fl exneri  strain ATCC 29903  16/30  24/30  8/30  30/30    65   

  E .  marmotae  strain HT073016  12/30  24/30  12/30  30/30    65   

  E .  fergusonii  strain ATCC 35469  22/30  30/30  10/30  30/30    77   

  S .  sonnei  strain CECT 4887  10/12  26/30  8/30  30/30    61   

  E .  hermannii  strain CIP 103176  18/30  30/30  14/30  30/30    77   

  E .  coli  strain E191-4  8/30  12/30  6/30  14/30    33   

 Table 6 Percentage of occurrence ( n =30) for  Escherichia  and  Shigella  species through non-selective media (LB) 

 Species 
 Frequency of occurrence per site 

 Overall detection percentage (%) 
 Site 1  Site 2  Site 3  Site 4 

  S .  fl exneri  strain ATCC 29903  6/30  9/30  4/30  10/30    24   

  E .  marmotae  strain HT073016  0/30  7/30  9/30  12/30    23   

  E .  fergusonii  strain ATCC 35469  11/30  10/30  3/30  13/30    31   

  S .  sonnei  strain CECT 4887  8/12  19/30  11/30  21/30    41   

  E .  hermannii  strain CIP 103176  14/30  17/30  8/30  17/30    47   

  E.   coli  strain E191-4  3/30  13/30  0/30  14/30    25   
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 3.5 Tracking of faecal contamination sources 

 The PCR result for detecting DNA markers that are 
associated with various animals from composite 
samples DNA isolates (DNA isolated in water from 
each site) are in (Table 7). The DNA markers for 
humans and swine pollution source assays were 
detected in more samples and in higher quantities 
(higher detection percentages and higher copy 
numbers) than  the DNA markers for ruminants and 
bovine pollution source assays. The use of Bovine 
Serum Albumin (BSA) during the PCR preparation 
highly improved the detection of the marker DNA. 

 3.6 Infl uence of weather condition on MST DNA 
markers 

 The results for the infl uence of temperature, 
ultraviolet index and rainfall intensity were separated 
into two (Figs.9 and 10). The Infl uence of weather 
conditions on detection of MST DNA markers for 
non-human faecal pollution (BacR, CowM2, CowM3 
and Pig-2-Bac) depicted a non-uniform trend from 
the fi rst month of sampling (May 2016 to the last 
month of sampling (February 2017). This indicates 
that weather condition infl uenced the detection of 
each MST DNA markers for non-human faecal 
pollution diff erently. On the other hand, the Infl uence 

of weather conditions on detection of MST DNA 
markers for human faecal pollution (BacH(I), 
BacH(II) and HumM3) depicted a uniform trend from 
the fi rst month of sampling (May 2016 to the last 
month of sampling (February 2017). This indicates 
that weather condition infl uenced the detection of 
each MST DNA markers for human faecal pollution 
in moderately the same manner.  

 4 DISCUSSION 

 The spatial temporal variation in pH, temperature 
and DO indicates variability in bacterial exposure to 
environmental variables at diff erent sites and time. 
The correlation between physico-chemical parameters 

 Escherichia_hermannii_strain_CIP_103176

 Escherichia_marmotae_strain_HT073016

 Escherichia_coli_strain_E191-4

 Shigella_flexneri_strain_ATCC_29903
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 Escherichia_coli_O157:H7
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 Fig.7 Phylogenetic tree relationship between the dominant species and the pathogenic  E  .   coli  O157:H7 

 Table 7 Percentage of occurrences of pollution source 
tracking marker DNA  

   Ruminant  Bovine  Swine  Humans 

 Sites  BacR  CowM2  CowM3  Pig-2-Bac  BacH(I)  BacH(II)  HumM3 

 I  30 ⁎   40  30 ⁎   70  60  74  70 

 II  40  50  30 ⁎   100  92  100  100 

 III  20 ⁎   35 ⁎   28 ⁎   50  48  60  55 

 IV  60  52  40  100  100  100  100 

  ⁎  showed no detection without BSA.  n =15, 100%=15/15 detection, 
0%=0/15 detection. 
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such as pH and faecal indicator bacteria indicated that 
bacterial abundance in aquatic systems is related to 
physico-chemical variables. Indeed, studies have 
recorded that diff erences in other environmental 
variables such as wind intensities, effl  uent load, 
seasonality, rainfall intensity cloud cover and 
vegetation cover at diff erent times and sites contribute 

to spatial and temporal variation in the values of 
physico-chemical parameters (Dickerman et al., 
2006; Ghimire et al., 2013; Zandagba et al., 2016; 
Ojok et al., 2017). This may consequently determine 
the abundance of bacterial communities as was noted 
in this study.    

 Through MFT and real time qPCR, sites 2 and 4 
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were more polluted than sites 1 and 3. This variation 
could have been due to the diff erences in the amount 
and nature of effl  uents that discharges into the lake at 
these points. Site 2 was close to a sewage discharge 
point while site 4 was close to a discharge point by a 
stream water-way that fl ows across Wuhan University 
into the lake. Many studies have attributed high faecal 
contamination into fresh water systems to the presence 
of sewage discharge points (Donde et al., 2014, 2015). 
Faecal contamination was found to be higher in 
summer seasons than winter season. This trend was 
replicated by the values for DNA marker copies. 
Higher values of faecal contamination source markers 
occurred in summer than in winter. One major factor 
which could have contributed to this was the variation 
in temperatures, higher temperatures in summers 
have been found to be causing higher bacterial 

proliferations (WHO, 2003; Kirchman et al., 2009; 
Boehm et al., 2013). Additionally, Rop et al. (2016) 
recorded that variations in overland fl ows as a result 
of precipitation diff erences can pose consequential 
variation in the nature and amount of faecal bacterial 
contamination. The presence of pathogens in 
sediments around the tributaries have also been 
proven to be an additional source of water pollution 
during rainfall events because they persist and can be 
mobilized into the receiving water bodies after heavy 
rainfall events (Donde and Xiao, 2017; García-Aljaro 
et al., 2017).  

 Based on gene copy numbers for  lacZ ,  uidA  and 
 cyd , there were more total coliform bacteria as 
depicted by higher values of  lacZ  gene copies. Among 
the faecal coliforms, there were signifi cant 
representation of both the genus  Escherichia  and 
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 Shigella . Both of which have been given signifi cant 
attention when looking into the quality of water that is 
used for human consumption (Nejman-Faleńczyk et 
al., 2015). The existence in overlapping characteristics 
between the two genera has created the need for using 
more than one approach in faecal contamination 
source tracking (Yamazaki and Fukasawa, 2011). 
Additionally, the overlap has rendered the use of 
stand-alone MFT in bacterial quantifi cation approach 
to remain weak because it makes it hard to diff erentiate 
between the diff erent genera of closely related faecal 
pathogens as in the case of  Escherichia  and  Shigella . 
Furthermore, the use of  uidA  gene copy numbers must 
also be accompanied by  cyd  to ensure that  E .  coli  is 
clearly distinguished from other closely related faecal 
pathogen bacteria (Horáková et al., 2006; Staley and 
Edge, 2016). The  lacZ  gene can occur in coliform 
bacteria other than in  E .  coli , and  uidA  gene can also 
be detected in other genera apart from  Escherichia .  
Therefore, for increased specifi city in detection of 
 E .  coli , there is need to extend number of targeted 
genes such as the inclusion of  cyd  gene that codes for 
cytochrome  bd  complex in addition to  uidA  and  lacZ  
genes to provide more effi  cient and reliable method 
for detection of various faecal contamination bacterial 
strains from water samples (Horakova et al., 2008). 
Moreover, this approach has made it possible to 
distinguish  E .  coli  from genetically very similar 
species such as  S  higella   fl exneri , and even the 
detection of non-coliform  K  lebsiella  spp. and 
 R  aoutella  spp., some of which are also potential 
human pathogens (Fatemeh et al., 2014). Positive 
correlation between total coliform and  E .  coli  values 
as reported in this study is an additional evidence for 
the reliability on  E .  coli  as faecal contamination 
indicator bacteria (Donde et al., 2015).   

 There were several species of faecal contamination 
indicator bacteria, however, the study narrowed down 
to 6 species ( S .  fl exneri ,  E .  marmotae ,  E .  fergusonii , 
 S .  sonnei ,  E .  hermannii  and  E .  coli ) which showed 
higher detection frequencies of more than 30% of the 
of the 30 samples per site for the entire 10 months’ 
study period. The occurrence of mixed genera and 
various species of faecal contamination indicator, 
further pointed out the need to extend number of 
targeted genes such as the inclusion of  cyd  in addition 
to  uidA  and  lacZ  genes to provide more effi  cient and 
reliable methods for faecal contamination source 
tracking (Horakova et al., 2008; Sorensen et al., 
2015). The use of selective media gave a higher 
detection percentage on all the species of faecal 

contamination indicator bacteria than the non-
selective media did. This fi nding has further given an 
insight on the need to rely more on media that are 
specifi c to a given group of bacteria when studying 
their abundances, distribution or their responses to 
certain environmental conditions (Tran et al., 2015). 
The toxin producing pathogenic  E .  coli  ( E .  coli  
O157:H7) is one of the known critical pathogenic 
species that is dominant in water and soil (Campbell 
et al., 2001; Ma et al., 2013). The result on phylogenetic 
analyses showed that apart from members of genus 
 Escherichia , there were other members of genus 
 Shigella  that do have closer phylogenetic relationship 
with this deadly strain of  E .  coli  and were also detected 
alongside  Escherichia  members in this study. Because 
of such diversity in faecal bacteria pathogen, there is 
need to make any contamination tracking method to 
be very comprehensive and inclusive.  This will 
ensure that all the kinds of faecal pathogenic bacteria 
are detected irrespective of their genetic similarities 
or diff erences and also have their sources accurately 
traced for appropriate control measures.  

 The science of using host specifi c genetic markers 
as a tool in faecal contamination source tracking has 
been gaining ground because of its increased 
effi  ciency and reliability (Paruch et al., 2015; Quirós 
et al., 2015). The host specifi c DNA markers used in 
this study showed that humans and swine contribute 
more faecal pollution to the lake than the ruminants 
and bovine. This could be attributed to high human 
population density and many residential areas around 
the lake as well as numerous restaurants where pigs, 
chicken and other birds are often slaughtered for 
meals. The wastes from these restaurants could be 
getting their ways into the lake. Additionally, other 
birds that inhabit the lake ecosystem could be an 
additional source of the faecal contamination. 
However, the use of BSA that has the potential to 
stabilize component in DNA blunt end and 
replacement assays proved to be eff ective in increasing 
the effi  ciency of faecal contamination source tracking. 
Its addition to the reaction mix during the PCR, 
reduced the eff ects of PCR inhibitors and increased 
the detection levels. This resulted to higher detection 
of the markers. This fi nding was in agreement with a 
study by Plante et al. (2011) where BSA was found to 
improve the RT-qPCR detection of foodborne viruses 
rinsed from vegetable surfaces.   

 5 CONCLUSION AND RECOMMENDATION 
 Bacterial abundance in aquatic systems is a factor 
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of selected physico-chemical variables. From this 
study, sites 2 and 4 were more polluted than sites 1 
and 3 and the pollution was higher in summer than in 
winter based on results from both the MFT and qPCR. 
The use of cyd gene in addition to uidA gene gave a 
clear confi rmation on the presence of  E .  coli  as 
opposed to other closely related faecal coliform 
bacteria.  S .  fl exneri ,  E .  marmotae ,  E .  fergusonii , 
 S .  sonnei ,  E .  hermannii  and  E .  coli  were the most 
dominant faecal coliform bacteria in Donghu Lake. 
The detection effi  ciency was increased on using 
selective media as opposed to non-selective media. 
The use of BSA proved to be eff ective in increasing 
the effi  ciency of faecal contamination source tracking 
by increasing PCR detection levels. Based on these 
fi ndings, it is therefore recommended that for eff ecting 
management of faecal bacterial water quality of a 
freshwater ecosystem (Lake), high attention should 
be given to parts of the lakes where there are affl  uent, 
the frequency of pollution vigilance should be 
increased during summer seasons,  cyd  to be used 
alongside  lacZ  and  uidA   in monitoring faecal bacterial 
water quality, appropriate selective media should be 
used in bacterial detection as well as DNA sequencing 
and  BSA to be used in PCR and qPCR procedures in 
faecal contamination bacterial studies to reduce the 
eff ects of PCR inhibitors. There is also the need to dig 
deeper into the infl uence of seasonality and 
environmental parameters on variability of MST 
genes. Understanding this relationship will add value 
to faecal contamination source tracking effi  ciencies.      
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