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Abstract:



The objective of this study was to examine three well designs: drilled wells (20–30 m deep), closed dug wells (>5 m deep), and hand-dug open wells (<5 m deep), to determine the water quality for improving access to safe and clean water in rural communities. Heterotrophic plate count (HPC), total coliforms (TC), Escherichia coli (E. coli) and turbidity, were used to assess the water quality of 97 wells. Additionally, the study looked at the microflora diversity of the water, focusing on potential pathogens using outgrowth, PCR, and genome sequencing for 10 wells. Concentrations of TC for the open dug wells (4 × 104 CFU/100 mL) were higher than the drilled (2 × 103 CFU/100 mL) and closed dug wells (3 × 103 CFU/100 mL). E. coli concentration for drilled and closed dug wells was <22 MPN (most probable number)/100 mL, but higher for open wells (>154 MPN/100 mL). The drilled well turbidity (11 NTU) was within the standard deviation of the closed well (28 NTU) compared to open dug wells (49 NTU). Drilled and closed wells had similar microbial diversity. There were no significant differences between drilled and closed dug wells. The covering and lining of hand-dug wells should be considered as an alternative to improve access to safe and clean water in rural communities.






Keywords:


borehole; coliform; Escherichia coli; groundwater; Ifakara; water quality; well design; well depth; well comparison; Sub-Saharan Africa; Tanzania












1. Introduction


Sub-Saharan Africa is inhabited by a total of 783 million people, 40% of which do not have access to safe and clean water [1]. The region failed to meet its 2015 Millennium Development Goal (MDG) to improve access to safe and clean water for 40% to 75% of its population [1]. Tanzania is one of those countries that did not meet this goal. According to the World Bank, the percentage of rural Tanzania with improved access to safe and clean water was 45% in 1990 and 46% in 2015 [2]. It is important to note that while Tanzania did not make significant progress, other rural populations in the world have made progress to improve access to safe and clean water from 62% in 1990 to 85% within a similar time-frame [2]. As we move to the next phase of the Sustainable Development Goals (SDG), it is important to examine how interventions could be carried out differently to foster ownership and sustainability beyond donor funding. In this case, sustainability of these water sources would at least allow their continued function to provide safe and clean water to the community, which includes the ability to be repaired when broken or damaged. Solutions need to focus on cost-effective and feasible technologies to which the communities have access, and low-cost intervention techniques are needed to allow the rural community at large to invest and participate in a manner that is appropriate for their environment and limited resources. As recently pointed out by the International Institute for the Environment and Development (IIED), up to 360 million U.S. dollars have been spent to drill boreholes in Africa. Once these boreholes break down, the communities cannot afford to repair them, and they often fail within a few years [3]. Even though Community Based Management (CBM) of the water supply has not proven to be effective in most rural communities [4,5], reforming CBM and building upon existing community efforts may be one of the options for some communities to improve access to safe and clean water.



In 2010, a non-profit organization, Maji Safi kwa Afya Bora Ifakara (MSABI: clean water for better health in Ifakara), began a project to improve rural water sources in the Kilombero region by drilling boreholes 20–30 m deep. The study focused on three wards within the Kilombero region in Tanzania; Ifakara, Namawala and Idete (Figure 1). The region is approximately 13,545 km2 with a total population of 407,880 [6]. The population of Ifakara alone is approximately 55,956, while that of Idete is 21,648 [6]. Data for Namawala at the ward level (the lowest population count) is not included in the Tanzania National Statistics, but is estimated to be similar to that of Namawala. The Kilombero River has several tributaries and streams that serve as water sources for most of the villages in the three areas.


Figure 1. Map of the Kilombero region, Tanzania.



[image: Ijerph 15 00064 g001]






To improve access to safe and clean water, MSABI began installing drilled rope pumps. These are lined and covered boreholes. They also started another project to modify hand-dug open wells into closed wells by providing lining, installing a locally made rope pump and covering the top of the well. Prior to MSABI’s efforts, it was estimated that the region had over 750 water points with more than 75% being shallow dug wells and surface water [7]. Less than 25% of the population had access to safe and clean water and less than 15% had improved sanitation [7,8]. By 2011, MSABI had installed 150 drilled boreholes and had started a project to cover and line the hand-dug wells to protect them from any outside contamination.



This study compared three types of water sources: deeper drilled boreholes (20–30 m), hand-dug wells converted into closed wells (depth varies but between 5 and 10 m), and the shallow hand-dug wells (depth < 5 m). The hand-dug wells with depth > 5 m are internally lined and the tops are covered. These two improved well designs (the borehole and the open top converted into a closed well) will be referred to as MSABI rope pump well, and closed well, respectively. Improved water sources as defined by the Joint Monitoring Programme (JMP) are sources that, by their very nature of construction, adequately protect the source from outside contamination in particular with fecal matter [9]. Examples of improved water sources include boreholes and protected dug wells [10]. The third design is an unimproved shallow well (<5 m deep) and will be referred to as an open well. The MSABI rope pump well averages 20–30 m in depth and 0.15 m in diameter. A concrete sanitary seal is applied to the soil clay layer between 4 and 10 m in depth and the remainder of the hole is lined by a polyvinyl chloride (PVC) pipe. The wellhead is protected by a plastered cement slab. Water enters at the bottom of the borehole through a slot covered by a filter screen, and the well is equipped with a rope pump to draw water to the surface. The rope pump uses a basic pulley and wheel system, with a rope and piston to pull water to the surface using a handle [7]. The MSABI rope well, including the rope pump, costs around US$1000 [7,11]. Other drilled boreholes cost anywhere between $8000 and $12,000 [11,12]. To offset high costs to the community, MSABI raised funds to cover a portion of the costs associated with the installation. The hand-dug wells converted to closed wells average >5 m in depth and are lined by a concrete plaster which starts from the bottom of the well upwards from 3 to 5 m. The plaster is applied to the locally made bricks (lean cement/sand mix 1:15) that line the well. The well liners and plastered cement slab protection on the wellhead prevents outside contamination and murky water from entering the well, especially during and after rainfall. This type of well is also equipped with the same rope pump as the MSABI rope pump, and uses the basic pulley and wheel system and a rope and piston to pull water to the surface. Since the designs vary, the costs also vary, however, it remains cheaper than the cost of installing a new borehole, and can be done locally without requiring drilling machines. The open wells in the region tend to be shallow with an average of 3 m in depth, some of which are lined with bricks. These wells are not equipped with any type of water pumping system. None of the wells had any types of fences or barriers to prevent livestock or animals from getting closer to the wellhead.



The research question in this study was to examine the benefits of deeper, or shallow protected wells, and whether deeper wells offer water of better quality than shallow wells. The findings of this study will provide further guidance on access and water supply development in Tanzania and Sub-Saharan Africa as a whole.




2. Materials and Methods


A total of 97 samples were collected with an average of 32 wells from each village: Ifakara, Namawala, and Idete. Approximately 11 of each of the three kinds of wells (MSABI rope pump wells, closed wells, and open wells) were sampled from each village. Due to limited resources, only 10 wells from Ifakara village were analyzed for microflora focused on potential pathogens. Three of each well design were analyzed. The types of wells and depths are included in Table 1. The resources that were available to facilitate water sample collection included the MSABI offices, who provided guidance on well identifications and well specifications and Ifakara Health Institute (IHI) which provided laboratory space.



Table 1. Water microbial quality for Maji Safi kwa Afya Bora Ifakara (MSABI) rope pump, closed, and open wells.







	

	
MSABI Rope Pump Wells

	
Closed Wells

	
Open Wells

	




	

	
Average ± (Stdev)

	
Samples (n)

	
Average ± (Stdev)

	
Samples (n)

	
Average ± (Stdev)

	
Samples (n)

	
p-Value 3

	
WHO Guideline (2017)






	
Total HPC (CFU/100 mL)

	
7 × 104 ± 3 × 102

	
30

	
9 × 104 ± 8 × 102

	
29

	
7 × 105 ± 2 × 103

	
23 (23)

	
0.18

	
n.g.v




	
Total Coliform 1 (CFU/100 mL)

	
2 × 103 ± 1 × 103

	
34 (23)

	
3 × 103 ± 3 × 103

	
30 (18)

	
4 × 104 ± 3 × 104

	
29 (29)

	
0.04

	
n.g.v




	
Coliform 2 (MPN/100 mL)

	
>88 ± 29

	
10 (10)

	
>102 ± 19

	
11 (11)

	
>160

	
14 (14)

	
0.20

	
n.g.v




	
E. coli 2 (MPN/100 mL)

	
<22 ± 6

	
10 (2)

	
<22 ± 6

	
4 (11)

	
>154 ± 10

	
14 (14)

	
n/a

	
no given value 4




	
Turbidity (NTU)

	
11 ± 2

	
34

	
28 ± 13

	
31

	
49 ± 15

	
29

	
n/a

	
<5 5








1 detection of total coliform using 3 M Petrifilm Coliform Count Plates; 2 detection of total coliform using IDEXX Colilert test kit, 3p-value was calculated for MSABI rope pump wells and closed wells only, 4E. coli must not be detected in all water directly intended for drinking, 5 ideally 1 NTU. However, this may be difficult in certain settings. WHO recommends water disinfection even at 1 NTU (WHO, 2017). The difference between the MSABI rope pump and open wells and closed and that of open wells is a factor of 10 and therefore p-value was not calculated, n.g.v: no guideline value, n: number of positives samples, stdev: standard deviation, p-value is the estimate of the probability that the results occurred by statistical accident (i.e., p < 0.001 means there is 0.1 percent chance the result was an accident), n/a: not applicable. 








2.1. Water Microbial Quality Assessment


Water samples were collected using plastic sterile whirl-packs and transported to the Ifakara Health Institute (IHI) laboratory using an ice chest. The sampling took place from early morning until late afternoon and the water samples were processed within 8 h of collection. For heterotrophic plate counts and total coliforms, 1 mL of each sample was cultured onto a 3 M Heterotrophic Count Plate (AQHC) Petrifilm (3 M, St. Paul, MN, USA) via spread plating after dilution in phosphate-buffered saline (0.1, 0.01, and 0.001 mL dilutions). Heterotrophs, which require organic carbon for growth, were plate counted for well comparison purposes only. Coliforms are a group of bacteria which are aerobic and facultative anaerobic, Gram-negative, non-spore formers, rod-shaped, and ferment lactose with the formation of gas within 48 h at 35 °C. Total coliforms are naturally present in the environment. Even though total coliforms are not useful as indicators of fecal pathogens, they are, however, useful indicators of other pathogens in drinking water [13]. For undisinfected groundwater, TC (total coliforms) may indicate a pathway for surface or near-surface pathogen entry into the source water as well as providing a warning that soil microorganisms may have entered the well [14]. The number of E. coli was determined using Colilert Test Kits (IDEXX, Westbrook, ME, USA). E. coli is a fecal coliform, or bacteria, whose presence indicates fecal contamination from human or animal waste [14]. The test kit used a pre-dispensed substrate which was added to 10 mL volumes of the water samples. This method results in a most probable number (MPN). All samples were incubated at 35 °C for 24 h. The results were then multiplied by 10, to determine the MPN per 100 mL. We did not have enough of either of the two tests for coliform (i.e., 3 M Petrifilm or Colilert Test Kits), for all the wells. For this reason, we could only sample a limited number of the wells for E. coli assessment using the Colilert test.




2.2. Water Microbial Diversity Assessment


In addition to the detection of microbial water quality indicators, microflora diversity was also of interest for comparison purposes. However, due to limitations of the types of analysis that can be done in remote areas, water samples were collected and shipped to the United State via express delivery, which were then collected by a trained MSABI technician. The water samples were collected in 15 mL polypropylene sterile tubes, placed on ice in a cooler, and were processed immediately upon arrival four days after collection.



Different types of media were used to facilitate the growth of the various types of bacteria. Hemolytic bacteria were of interest in this study since they produce hemolysis which is associated with virulence [15] and exotoxins that lyse red blood cells which are common to infectious strains [16,17]. Blood agar is used to test for β-hemolysis after a complete lysis of the red blood cell which allows prediction of bacterial pathogens [18]. Since some samples were turbid, and interferences by environmental contaminants in the polymerase chain reaction [19] inhibit Taq polymerase, especially in the presence of organic and inorganic compounds [20], the samples were cultured to isolate bacterial colonies prior to performing PCR. To culture hemolytic bacteria, 0.1, 0.01, and 0.001 mL of each water sample was inoculated on blood agar plates (Tryptic Soy Agar with 5% sheep blood). The blood agar plates were incubated both aerobically and anaerobically at 35 °C for 1–4 days (or until colonies appeared), to increase the recovery of diverse hemolytic bacteria. To recover stressed and slow-growing bacteria, water samples of 0.1, 0.01 and 0.001 mL were inoculated on R2A agar plates and incubated at 35 °C for 5 days. To culture other rapidly growing bacteria, 0.1, 0.01, and 0.001 mL of each water sample was inoculated on Luria-Bertani (LB) agar plates, a nutrient-rich medium, with incubation at 35 °C for 24 h. To further increase microbial diversity, an enrichment growth technique was also carried out. One mL of water sample was inoculated in alkaline peptone water (BBL Alkaline Peptone Water), an enrichment medium (Becton, Dickinson and Company, Sparks, MD, USA), with incubation at 35 °C for 8 h, followed by inoculation onto Thiosulfate Citrate Bile Salts agar (TCBS) plates with incubation at 35 °C for 24 h.



A total of 93 colonies were selected for further species identification tests. These included the β hemolytic colonies, totaling 50 colonies from the blood agar plates: all 12 colonies from the TCBS agar plates, 22 selected representative colonies from LB based on diversity, and nine colonies from R2A plates. Only one colony of the same color, morphology, surface, and opacity was selected from the R2A plates. The PCR DNA template was prepared using QIAquick PCR purification kits following the manufacturer’s protocol (QIAGEN, Valencia, CA, USA).



Universal V3 primers were used for both forward and reverse PCR. The V3 primers amplify the 16 s rRNA. These amplify DNA that codes for a ribosomal subunit, a highly conserved region found in all bacteria. They were selected because of their ability to provide sufficient phylogenic information on bacteria [21,22] as the V3 region tends to be longer and provides a better resolution than many other genes and can be unambiguously mapped to the genus level approximately 97% to 99% of the time [21]. The PCR was performed with the following cycle conditions: 95 °C (denaturation) for 30 s, 60 °C (annealing) for 1 min, and 72 °C (extension) for 45 s for a total of 40 cycles (BioRad MJ Mini Personal Thermocycler, Hercules, CA, USA). The PCR mix without any added DNA was included as a negative control. Amplicon sequencing was performed at the University of Arizona Genetic Core laboratory (Tucson, AZ, USA). Forward and reverse strands were aligned, and only the aligned sequences were compared to sequences deposited in the NCBI database (using the Blast search tool). Only PCR sequences with 94–100% matches, and that are pathogens or potential pathogens, are reported here.




2.3. Water Turbidity Assessment


Turbidity measurements were taken using a portable turbidity meter model # 2100P ISO (Hach, Loveland, CO, USA) on site. Turbidity has been used as an indicator of water quality that describes the cloudiness of water caused by suspended particles [23]. Elevated turbidity in an unprotected dug well water may be an indicator of surface water entering the well, or even fine-grained materials entering from the base of the well. In a protected drilled well, elevated turbidity is an indicator of insufficient well development (i.e., removal of fine-grained particles near well screen).





3. Results and Discussion


The average total Heterotrophic Plate Count (HPC) for the open wells (7 × 105 CFU/100 mL) was approximately one order of magnitude higher compared to that of closed wells (9 × 104 CFU/100 mL) and MSABI rope pump wells (7 × 104 CFU/100 mL) (Table 1). There were no statistical differences between closed wells and MSABI rope pump wells (p = 0.18).



As expected, coliforms occur in higher numbers in tropical climates [24,25] and their presence does not always provide a true indication of the presence of human or animal waste in water. All samples examined using the Colilert test kit method were positive for TC with an average of >160 MPN/100 mL for open wells, 102 MPN/100 mL for closed wells and 88 MPN/100 mL for MSABI rope pump wells. However, MSABI rope pump wells and closed wells were within each other’s standard deviation with a p-value of 0.20, indicating that there is a twenty percent chance that the results happened accidentally, and therefore are not significant (Table 1). Open wells had higher TC concentration (>160 MPN/100 mL) compared to those of closed wells and MSABI rope pump wells. Water turbidity was higher in open wells, as expected, since open wells are exposed to the environment. Based on the WHO guidelines regarding water turbidity for household water treatment and storage, NTU should be <5 but ideally should be <1 [23]. Even though this guideline does not apply to groundwater, more than half of MSABI rope pump wells had turbidity levels below 5 NTU, while the average was 11 NTU. Closed wells had an average of 28 NTU and that for open wells was 49 NTU (Table 1).



E. coli is a fecal coliform and an indicator of fecal contamination from warm-blooded animals. All water directly intended for drinking should not contain E. coli (or thermotolerant bacteria) in any 100-mL sample [14]. E. coli was detected in all open wells at concentrations >154 MPN/100 mL. Only four closed wells out of eleven, and two MSABI rope pump wells out of ten, tested positive for E. coli with an average concentration of <22 MPN/100 mL (Table 1). While most of the environments surrounding the wells were kept clean, a lack of wellhead protection increases the risks of well contamination from domestic animals and from rainfall.



Of the 93 colonies selected from the 10 wells for species identification by PCR sequencing, 12 were potential pathogens, eight of which came from the open wells: Enterococcus spp., Enterococcus faecalis, Clostridium spp., Shigella spp., Kocuria marina strain KMM 3905, Acinetobacter haemolyticus, Sphingobacterium composti and Bacillus spp. [26,27,28,29,30,31,32,33,34] (Table 2). K. marina and E. canintestinii were also found in closed wells, in addition to Cellulomonas hominis (or Oerskovia enterophila), Rhodococcus corynebacterioides DSM 20151, and Microbacterium spp. Only one potential pathogen, Gordonia polyisoprenivorans [35,36] was found in a MSABI rope pump well.



Table 2. Sequence results for cultured bacteria identified as pathogens or potential pathogens.







	
Water Source

	
Well ID

	
Growth Condition

	
Sequence ID

	
Blast Accession

	
Sequence Length

	
Closest Relative (% Maximum Identity)






	
Open well

	
03

	
APW enrichment/TCBS

	
Ta

	
NR_042386.1, or NR_041706.1, or NR_041704.1

	
1509–1511

	
E. canintestinii strain LMG 13590, E. sulfureus strain ATCC49903, E. casseliflavus strain (99%)




	
Tb

	
NR_040789.1

	
1517

	
E. faecalis strain JCM 5803 (98%)




	
Blood anaerobic

	
BNa

	
NR_041248.1, or NR_024697.1, or NR_036880.1, or NR_043403.1

	
1306

	
B. anthracis strain ATCC 14578, B. weihenstephanensis strain DSM 11821, B. mycoides strain 273, B. thuringiensis strain IAM 12077 (99%)




	
BNb

	
NR_029249.1, or NR_027573.1, or NR_028611.1

	
1393–1489

	
C. irregulare strain 6V1, or C. bartlettii DSM 13275, C. hiranonis DSM 13275 strain TO-931 (99%)




	
BNe

	
NR_027549.1, or NR_02569.1, or NR_026331.1, or NR_02332.1

	
1473–1494

	
E. fergusonii strain ATCC 35469 or E. albertinii or S. flexneri strain ATCC 29903 or S. dysenteriae strain ATCC 13313 (100%)




	
04

	
APW enrichment/TCBS

	
Tb

	
NR_040789.1

	
1517

	
E. faecalis strain JCM 5803 (99%)




	
Blood anaerobic

	
BNa

	
NR_042386.1, or NR_041706.1, or NR_041704.1

	
1498–1511

	
E. canintestinii strain LMG 13590, E. sulfureus strain ATCC49903, E. casseliflavus strain (99%)




	
LB

	
Le

	
NR_025723.1

	
1440

	
K. marina strain KMM 3905 (95%)




	
07

	
APW enrichment/TCBS

	
Tc

	
NR_026207.1

	
1460

	
A. haemolyticus (99%)




	
Td

	
NR_040789.1

	
1517

	
E. faecalis strain JCM 5803 (98%)




	
Blood anaerobic

	
BNa

	
NR_041363.1

	
1433

	
S. composti Ten et al. 2007 strain T5-12 (98%)




	
Closed well

	
01

	
Blood anaerobic

	
BNa

	
NR_029288.1, or NR_026239.1

	
1394–1451

	
C. hominis strain CE40, O. enterophila DSM 43856 (100%)




	
LB

	
Lc

	
NR_025723.1, or NR_027193.1, or NR_026452.1

	
1440–1481

	
K. marina KMM 3905, K. carphila strain CCM 132, K. rhizophila strain TA68 (94%)




	
07

	
APW enrichment/TCBS

	
Tb

	
NR_042386.1, or NR_041706.1, or NR_041704.1

	
1498–1511

	
E. canintestinii strain LMG 13590, E. sulfureus strain ATCC49903, E. casseliflavus strain (99%)




	
Blood aerobic

	
Ba

	
NR_042262.1, or NR_025548.1

	
1490

	
M. oleivorans (99%)




	
R2A

	
Rd

	
NR_041873.1

	
1494

	
R. corynebacterioides DSM 20151 (99%)




	
Rc

	
NR_037048.1, or NR_042983.1, or NR_026163.1, or NR_026161.1

	
1429–1526

	
M.kitamiense strain kitami C2, M. natoiense strain TNJL143-2, M. testacum DSM 20166, M. imperial DSM 20530 (100%)




	
MSABI rope pump well

	
20

	
Blood aerobic

	
Bb

	
NR_026500.1

	
1547

	
G. polyisoprenivorans (100%)




	
Other rope pump well

	
n/a

	
LB

	
Lg

	
NR_042280.1, or NR_043238.1

	
1397–1482

	
M. llatzerense, M. aubagnese (96%)




	
Lf

	
NR_04988.1, or NR_037031.1, or NR_037030.1

	
1399–1471

	
G. otitidis strain IFM 10032, G. sputi strain 3884, G. aichiensis strain E9028 (98%)








APW: Alkaline Peptone Water, LB: Luria-Bertani, TCBS: Thiosulfate Citrate Bile Salts, n/a: not applicable (well design unknown).








This study provides a snapshot of the water quality for these water sources. Based on microbial water quality standards and water turbidity (Table 1), the data collected for MSABI rope pump wells and closed wells had comparable microbial water quality. All the measurements for the closed wells and those of MSABI rope pump wells have standard deviations or errors that overlap, indicating that there is no statistical difference. MSABI rope pump wells are 20–30 m in depth and are lined with PVC pipes, compared to closed wells which are >5 m deep. Overall, depth and the type of casing did not appear to be significant factors for better water quality. Providing well lining and cover to prevent outside contamination seems to provide water of good quality. For the intended purposes of diversity, (considering samples that were collected and processed outside the 24-h range provided an additional layer of assessment and a better understanding of the well conditions. Potential pathogens were detected in two of the closed wells and only one of the MSABI rope pump wells. It is important to also note that only a small sample (10 out of the 97) was assessed for microbial diversity. As expected, the open wells performed poorly in all the assessed parameters. Since samples were collected and shipped from Tanzania to the United States, it is expected that some microorganisms may have died and lysed, making it impossible to recover some of them. Therefore, the lack of their recovery does not prove that other microorganisms were not present.




4. Conclusions


The objective of this study was to compare the water quality of three different well designs, in order to help guide future efforts in providing affordable and sustainable interventions to improve access to clean and safe water in rural communities. Previously, MSABI had started to convert open wells into closed wells. However, that program was discontinued before this study began. MSABI rope pump wells were assumed to provide far better water quality than the closed wells (open wells converted into closed wells). However, these initial findings suggest that there may not be a significant difference, given that water sources are protected from outside contamination. In the context of rural areas with limited resources and high poverty rates, interventions that the community themselves can afford are critical in improving access to safe and clean water, as well as fostering ownership in a community. Drilling deeper wells requires drilling machines that need to be brought into the community, which is expensive. As we enter the new phase of achieving SDG goals to improve access to safe and clean water, efforts should be made to explore how the communities themselves can participate in these interventions, to achieve sustainability and ownership. Solutions should coordinate and leverage existing community efforts and explore technologies that are feasible, so as to build sustainability beyond donor funding.







Acknowledgments


The Author would like to thank Charles Gerba and Walther Ellis for their guidance and review of the material, Miriam Eaton for her help in the laboratory during all stages of this project, Kelly Bright for her help and review, Nik Holsboro, Novatus Mwangeta, Naomi Nge’ndo, and Mary Kelly from MSABI for their assistance throughout this project and for facilitating sample collection, and the Ifakara Health Institute for their help and use of facilities in Ifakara. This material is based upon work supported by the National Science Foundation under Grant No. OISE-0854050. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of the National Science Foundation.




Author Contributions


Aminata Kilungo, Linda Powers, Nathan Arnold, Kelli Whelan and Kurt Paterson conceived, designed and performed the experiment, coordinated research activities, and contributed reagents, materials, and analysis tools; Dale Young coordinated data collection and provided staff support throughout the study in Tanzania; Aminata Kilungo analyzed the data and wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
United Nations Department of Economic and Social Affairs (UNDESA). 2016 International Decade for Action “Water for Life” 2005–2016. Available online: http://www.un.org/waterforlifedecade/africa.shtml (accessed on 2 July 2017).

	2. 
World Bank Group. Improved Water Source, Rural (% of Rural Population with Access). 2017. Available online: http://data.worldbank.org/indicator/SH.H2O.SAFE.RU.ZS?name_desc=false (accessed on 2 July 2017).

	3. 
International Institute for Environment and Development (IIED). 2009 Africa’s Water Crisis: A Quarter Billion Dollar’s Down the Drain. Available online: https://www.iied.org/africas-water-crisis-quarter-billion-dollars-down-drain (accessed on 2 July 2017).

	4. 
Chowns, E. Detailed Review of a Recent Publications: Rural Water Supply System Cannot Succeed with Community Management Alone. Available online: https://waterinstitute.unc.edu/files/2015/06/wash-policy-research-digest-6.pdf (accessed on 15 November 2017).

	5. 
Harvey, P.; Reed, A. Community-managed water supplies in Africa: Sustainable or dispensable? J. Community Dev. 2007, 42, 365–378. [Google Scholar] [CrossRef]

	6. 
National Bureau of Statistics (NBS). Tanzania in Figures 2015; Tanzania National Bureau of Statistics: Dar es Salaam, Tanzania, 2016.

	7. 
MSABI (Maji Safi kwa Afya Bora Ifakara). Overview Summary: Water, Sanitation and Education; MSABI Report; MSABI: Morogoro, Tanzania, 2010. [Google Scholar]

	8. 
MSABI (Maji Safi kwa Afya Bora Ifakara). A Review of Sanitation and Hygiene in Tanzania; MSABI Research Report; MSABI: Morogoro, Tanzania, 2013. [Google Scholar]

	9. 
WHO (World Health Organization)/UNICEF (The United Nations Children’s Fund). Progress on Sanitation and Drinking-Water: 2012 Update; World Health Organization: Geneva, Switzerland, 2012. [Google Scholar]

	10. 
Bain, R.; Wright, J.; Yang, H.; Pedley, S.; Gundry, S.; Bartram, J. Improved but Not Necessarily Safe: Water Access and the Millennium Development Goals; GWF Discussion Paper 1225; Global Water Forum: Canberra, Australia, 2012. [Google Scholar]

	11. 
MSABI (Maji Safi kwa Afya Bora Ifakara). Available online: http://msabi.org/blog/sabi.org/2011/03/upload-of-recent-msabi-borehole-and.html (accessed on 4 May 2014).

	12. 
Water Wells for Africa. What’s the Cost. 2017. Available online: http://waterwellsforafrica.org/whats-the-cost/ (accessed on 2 July 2017).

	13. 
U.S. EPA (United States Environmental Protection Agency). Revised Total Coliform Rule. 2017. Available online: https://www.epa.gov/dwreginfo/revised-total-coliform-rule-and-total-coliform-rule (accessed on 24 September 2017). [Google Scholar]

	14. 
Messner, M.; Berger, P.; Javier, J. Total Coliform and E. coli in public water systems using undisinfected groundwater in the United States. Int. J. Hyg. Environ. Health 2017, 220, 736–743. [Google Scholar] [CrossRef] [PubMed]

	15. 
Welch, A.; Dellinger, P.; Minshew, B.; Falkow, S. Haemolysin contributes to virulence of extra-intestinal E. coli infections. Nature 1981, 294, 665–667. [Google Scholar] [CrossRef] [PubMed]

	16. 
Cooke, M.; Ewins, P. Properties of strains of Escherichia coli isolated from a variety of sources. J. Med. Microbiol. 1975, 8, 107–111. [Google Scholar] [CrossRef] [PubMed]

	17. 
Minshew, H.; Jorgensen, J.; Swanstrum, M.; Grootes-Reuvecamp, A.; Falkow, S. Some characteristics of Escherichia coli strains isolated from extraintestinal infections of humans. J. Infect. Dis. 1978, 137, 648–654. [Google Scholar] [CrossRef] [PubMed]

	18. 
Sum, R.; Swaminathan, M.; Rastogi, S.; Piloto, O.; Cheong, I. Beta-heamolytic bacteria selectively trigger liposome lysis, enabling rapid and accurate pathogen detection. ACS Sens. 2017, 2, 1441–1451. [Google Scholar] [CrossRef] [PubMed]

	19. 
Toze, S. PCR and the detection of microbial pathogens in water and wastewater. Water Res. 1999, 33, 3545–3556. [Google Scholar] [CrossRef]

	20. 
Queiroz, P.; Santos, M.; Sassarol, A.; Hársi, M.; Monezi, A.; Mehnert, U. Electropositive filter membrane as an alternative for the elimination of PCR inhibitors from sewage and water samples. Appl. Environ. Microbiol. 2001, 67, 4614–4618. [Google Scholar] [CrossRef] [PubMed]

	21. 
Huse, M.; Dethlefsen, L.; Huber, A.; Welch, M.; Relman, A. Exploring microbial diversity and taxonomy using SSU rRNA hypervariable tag sequencing. PLoS Genet. 2008, 4, e1000255. [Google Scholar] [CrossRef]

	22. 
Liu, Z.; Lozupone, C.; Hamady, M.; Bushman, D.; Knight, R. Short pyrosequencing reads suffice for accurate microbial community analysis. Nucleic Acids Res. 2007, 35. [Google Scholar] [CrossRef] [PubMed]

	23. 
WHO (World Health Organization). Water Quality and Health: Review of Turbidity Information for Regulators and Water Suppliers; World Health Organization: Geneva, Switzerland, 2017. [Google Scholar]

	24. 
Carrillo, M.; Estrada, E.; Hazen, C. Survival and enumeration of the fecal indicators Bifidobacterium adolescentis and Escherichia coli in a tropical rain forest watershed. Appl. Environ. Microbiol. 1985, 50, 468–476. [Google Scholar] [PubMed]

	25. 
Lavoie, M. Identification of strains isolated as total and fecal coliforms and comparison of both groups as indicators of fecal pollution in tropical climates. Can. J. Microbiol. 1983, 29, 689–693. [Google Scholar] [CrossRef] [PubMed]

	26. 
Sahm, F.; Kinssinger, J.; Gilmore, S.; Murray, R.; Solliday, J.; Clarke, B. In vitro susceptibility studies of vancomycin-resistant Enterococcus faecalis. Antimicrob. Agents Chemother. 1989, 33, 1588–1591. [Google Scholar] [CrossRef] [PubMed]

	27. 
Shankar, N.; Baghdaydan, A.; Gilmore, M. Modulation of virulence within a pathogenicity island in vancomycin-resistant Enterococcus faecalis. Nature 2002, 417, 746–750. [Google Scholar] [CrossRef] [PubMed]

	28. 
Gneiding, K.; Frodl, R.; Funke, G. Identities of Microbacterium spp. Encountered in Human Clinical Specimens. J. Clin. Microbiol. 2008, 46, 3646–3652. [Google Scholar] [CrossRef] [PubMed]

	29. 
Grotiuz, G.; Sirok, A.; Gadea, P.; Varela, G.; Schelleto, F. Shiga Toxin 2-Producing Acinetobacter haemolyticus Associated with a Case of Bloody Diarrhea. J. Clin. Microbiol. 2006, 44, 3838–3841. [Google Scholar] [CrossRef] [PubMed]

	30. 
Kweon, M. Shigellosis: The current status of vaccine development. Curr. Opin. Infect. Dis. 2008, 21, 313–318. [Google Scholar] [CrossRef] [PubMed]

	31. 
Lee, J.; Kim, S.; Jeong, H.; Oh, S.; Kim, H.; Kim, Y.; Lee, J.; Kook, J.; Kho, W.; Bae, W.; et al. Two cases of peritonitis caused by Kocuria marina in patients undergoing ambulatory peritoneal dialysis. J. Clin. Microbiol. 2009, 47, 3376–3378. [Google Scholar] [CrossRef] [PubMed]

	32. 
Purty, S.; Saranathan, R.; Prashanth, K.; Narayanan, K.; Asir, J.; Devi, C.; Amarnath, S. The expanding spectrum of human infections caused by Kocuria species: A case report and literature review. Emerg. Microbes Infect. 2013, 2, e71. [Google Scholar] [CrossRef] [PubMed]

	33. 
Traub, W.; Spohr, M. Antimicrobial drug susceptibility of clinical isolates of Acinetobacter species (A. baumannii, A. haemolyticus, genospecies 3, and genospecies 6). Antimicrob. Agents Chemother. 1989, 33, 1617–1619. [Google Scholar] [CrossRef] [PubMed]

	34. 
Zynchlinsky, A.; Prevost, M.; Sansonetti, P. Shigella flexneri induces apoptosis in infected macrophages. Nature 1992, 358, 167–169. [Google Scholar] [CrossRef] [PubMed]

	35. 
Lida, S.; Taniguchi, H.; Kageyama, A.; Yazawa, K.; Chibana, H.; Murata, S.; Nomura, F.; Kroppenstedt, R.; Mikami, Y. Gordonia otitidis sp. nov., isolated from a patient with external otitis. IJSEM 2005, 55, 1871–1876. [Google Scholar]

	36. 
Verma, P.; Brown, J.; Nunez, V.; Morey, R.; Steigerwalt, A.; Kessler, A. Native valve endocarditis due to Gordonia polyisoprenivorans: Case report and review of literature of bloodstream infections caused by gordonia species. J. Clin. Microbiol. 2006, 44, 1905–1908. [Google Scholar] [CrossRef] [PubMed]















© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijerph-15-00064


  
    		
      ijerph-15-00064
    


  




  





media/file1.png
; __ uruana - "

Nairobi
@

D Boundaries of the
study area

Source:www.google.com/maps

Mtimbira
Q

Kilombero region study area

Mahenge

Mwava

\
(






media/file2.png





media/file0.jpg
Boundariesof the
studyarea

Source o google commaps






