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Abstract
Antimicrobial use in agriculture, livestock and human health has increased over the years leading
to the increase in antimicrobial resistance that can also find its way to the aquatic environment.
Rivers can act as reservoirs of highly resistant strains and facilitate the dissemination of multidrug resistant (MDR) strains to animals and humans using water. A total of 318 water samples
were collected from six different sampling points along Athi River and E. coli isolates were subjected to Kirby-Bauer diffusion method for antimicrobial susceptibility testing. The total mean coliform count of the sampled sites was 2.7 × 104 (cfu/mL). E. coli isolates were most resistant to
ampicillin (63.8%) and most susceptible to gentamicin (99.4%). MDR strains (resistance to ≥3
classes of antibiotics) accounted for 65.4% of all the isolates. The site recorded to have human industrial and agricultural zone activities had strains that were significantly more resistant to ampicillin, cefoxitin, amoxicillin/clavulanic acid (P ≤ 0.05) than isolates from the section of the river
traversing virgin land and land with minimum human activities. This study indicates that E. coli
strains isolated from Athi River were highly MDR and most resistant to some antimicrobial classes
(ampicillin and cefoxitin) which constitute a potential risk to human and animal health.
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1. Introduction

Rise in resistance to multiple drugs among E. coli is a major concern both in developed and developing countries. Evolutionary pressure arising from widespread use of antimicrobials has contributed to the development of
multi-drug resistant (MDR) strains and the spread of resistance between bacterial species. The major cause of
the emergence of resistant bacteria is the misuse and overuse of antimicrobials [1]. Contamination of water
sources as a result of pollution with faecal bacteria has potential to spread highly resistant strains [2]-[5]. Microbes in water have a greater potential as source of infectious bacteria to people who use the water for recreational activities, fishing, drinking, bathing and irrigation of crops, especially those eaten raw [6]. Therefore, water pollution with MDR strains, especially those suspected to be of human origin requires evaluation [7] [8]. E.
coli is an important indicator organism for faecal pollution in environmental waters and has also been useful in
monitoring antimicrobial resistance patterns in Gram-negative bacteria. We evaluated contamination levels at
multiple sampling sites and antimicrobial susceptibility profiles among E. coli strains obtained from Athi River
water. Athi River in Machakos County is a heavily polluted water system mainly as a result of contamination
from sewerage originating from Westlands and Kasarani areas in Nairobi [9]. However, little is known about the
level of microbial contamination and antimicrobial susceptibility patterns from this river using E. coli as indicator organism. The aim of this cross-sectional study was to determine antimicrobial susceptibility profiles among
E. coli isolated from different sections of this river.

2. Materials and Methods
2.1. Study Area
The study was carried out along the banks of River Athi within the Athi River Township in Machakos County.
Athi River is the second longest river in Kenya after River Tana. It has a total length of approximately 400 km
and drains a basin area of 70,000 km2. The river rises at 1˚42'S as Athi River and enters the Indian Ocean as
River Galana. The river flows across the Kapiti and Athi plains, through the Athi River town, takes a northeast
direction and is met by the River Nairobi [10].

2.2. Sampling Points
The sampling points were selected based on prevailing human activities such as washing, drinking points for livestock, points where residents fetch water for domestic use, and points heavily contaminated with industrial effluent. Sampling was also done along sections of the river passing through virgin lands that have no obvious
evidence of recent interference by human activity, agriculture or settlement as shown in Table 1 and Figure 1.
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Figure 1. Aerial view of sampling sites along Athi River in Athi River Town,
Machakos from Google Earth.
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Table 1. Activities on different sites where water was sampled.
Site

Activities on site

Site 1 (domestic use)

Water for domestic use, washing clothes

Site 2 (settlements)

Informal and formal human settlements

Site 3 (virgin land)

no apparent human, industrial or agricultural activities

Site 4 (sewerage effluent)

Sewage treatment plant in close vicinity

Site 5 (near road and farming)

Close to tarmac road. Water also used for flower farming

Site 6 (industrial zone)

Near the industrial zone (cement factory in close vicinity), water
used for bathing, watering flowers, livestock watering in shallow
edges of the river
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2.3. Sample Collection
Water samples were collected from each site in varying dates between September 2014 and January 2015. Sampling of each site was done only once. A total of 53 samples (500 mL each) were taken from each site during dry
and wet seasons to make a total of 318 water samples. Samples were collected using sterile plastic bottles. These
bottles were lowered into the water body to a maximum depth of 30 cm before withdrawal. The samples were
transported to Kenya Medical Research Institute Centre for Microbiology laboratory in an insulated cool box
(4˚C - 8˚C) and processed within 24 hrs.

2.4. Colony Forming Units and Isolation of E. coli
Multiple tube fermentation technique was used to enumerate fecal coliforms. For isolation of E. coli, 25 mL of
sample water was inoculated into 225 mL of buffered peptone water (BPW) and incubated at 37˚C for 24 hrs. A
loop full of broth was then streaked on MacConkey’s agar and incubated at 37˚C for 24 hrs. Suspect colonies
were identified as E. coli using standard morphological and biochemical tests for Enterobacteriaceae.

2.5. Susceptibility Testing
Antimicrobial susceptibility testing was done using the disc diffusion method. Isolates were tested for susceptibility towards amoxicillin/clavulanic acid (20/10 µg) ampicillin (10 µg), aztreonam (30 µg), cefotaxime (30 µg),
cefepime (30 µg), cefoxitin (30 µg) ceftazidime (30 µg), cefpodoxime (10 µg), tetracycline (30 µg), gentamicin
(10 µg), trimethoprim (5 µg), chloramphenicol (30 µg), ciprofloxacin (5 µg), nalidixic acid (30 µg), streptomycin (10 µg) and sulfamethoxazole (50 µg). For each batch of isolates tested, E. coli 25922 was used as a control
strain to check for disc potency and to assess the quality of the media. Zone sizes and susceptibility profiles
were interpreted using Clinical Laboratory Standard Institute (CLSI) standard guidelines. Isolates were categorized as either fully susceptible, resistant to 1 or 2 classes of antimicrobials or MDR (resistant to three or more
classes of antimicrobials).

2.6. Statistical Analysis
Statistical analysis was conducted using the SPSS Version 20.0 software. Descriptive analysis was done to determine the prevalence various susceptible phenotypes. Chi-square test (significance set at P ≤ 0.05) and odds
ratio with corresponding 95% confidence interval was used to analyse association between distribution of specific antimicrobial susceptibility profiles and site characteristics where the water samples were collected.

3. Results
3.1. Coliform Forming Units (CFUs)
The average coliform counts (cfu/mL) for the six sites were 2.7 × 104. Location near sewage treatment plant
(site 4) had most CFUs compared to other sites sampled. Numbers of CFUs were higher in wet season than dry
season as shown in Table 2.
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Table 2. Mean load of coliforms along Athi River (cfu/mL) in Machakos, Kenya.
Group variables

Total cfu/mL

Mean cfu/mL

Dry days cfu/mL

Rainy days cfu/mL

Site 1 (domestic use)

2.79 × 105

5.2 × 103

1.2 × 105

1.5 × 105

Site 2 (settlements)

8.8 × 104

1.6 × 103

4.3 × 104

4.5 × 104

Site 3 (virgin land)

5.0 × 104

9.5 × 102

2.4 × 104

2.6 × 104

Site 4 (sewerage effluent)

5.0 × 105

9.5 × 103

2.0 × 105

3.0 × 105

Site 5 (near road and farming)

1.0 × 105

1.9 × 103

5.0 × 104

5.2 × 104

Site 6 (industrial zone)

4.0 × 105

7.6 × 103

2.0 × 105

2.0 × 105

Sites

3.2. Antimicrobial Susceptibility among E. coli Isolates to Selected Antimicrobials
Distribution of antimicrobial susceptibilities of E. coli from Athi River is presented in Figure 2. High resistances were observed for ampicillin (63.8%), cefoxitin (46.9%), amoxicillin/clavulanic acid (46.2%) and sulfamethazole (44%). Least resistances were observed against gentamicin (<1%), cefepime (1.9%), ceftazidime
(2.5%) and chloramphenicol (3.8%).

3.3. Resistance of E. coli Isolates between the Sampling Points (Sites)
Antimicrobial resistance patterns among isolates recovered from each of the six sampling sites are shown in Table 3. Highest resistance to ampicillin (79.2%) were observed among isolates recovered from sections of the
river close to tarmac road where water was used for flower farming (site 5) and industrial zone (site 6) while
sections where water was for domestic use and washing clothes (site 1) had the lowest observed resistance
(47.2%). Resistance to cefoxitin was highest in industrial zone (site 6, 73.6%), and lowest in virgin land (site 3,
30.2%). Resistance to amoxicillin/clavulanic acid was highest in industrial zone (site 6, 81.1%), and lowest in
section of the river having formal and informal settlements (site 2, 32.1%). Resistance to sulfamethazole was
highest in virgin land (site 3, 52.8%) and lowest in site 2 (34%). Highest resistance to ciprofloxacin (20.8%) was
observed among isolates obtained from water for domestic use (site 1) and lowest in (0%) site 5 where water
was utilised for farming and was closest to the tarmac road. Interestingly, highest resistance to cefepime (a
fourth generation cephalosporin) was recorded in the virgin land (site 3, 9.4%) and lowest in all the other sites
including the industrial zone and the section contaminated with sewerage effluent. Highest resistance to aztreonam was recorded among isolates obtained from water utilised for domestic purposes (site 1, 13.2%) while the
lowest resistances were observed among isolates recovered from the river section closest to the tarmac road
where water was also utilised for flower farming (site 5, 5.7%).

3.4. Distribution of Multiple Drug Resistance (MDR) Strains
Antimicrobial resistant phenotypes are presented in Table 4. Majority (37.1%) of the isolates were resistant to
four to five antimicrobials. Isolates from water contaminated with industrial waste (site 6) were more likely to
exhibit resistance to more than three classes of antimicrobials than those from virgin land (site 3) (P = 0.001, CI
1.99 - 17.06).
Resistance against different antimicrobials observed across different sites were not significantly different
from those observed among isolates recovered from river section going through virgin land (site 3). However,
isolates from industrial site (site 6) had higher resistance to amoxicillin/clavulanic acid than those from virgin
land (P < 0.001, CI 3.43 - 20.41). Isolates from this site were also likely to be MDR compared to those from virgin land (P 0.001, CI 1.99 - 17.06).

4. Discussion
This study showed that areas with human, animal, agricultural or industrial activities had significantly higher
CFUs than those with minimal activities. Areas located near a sewerage treatment plant recorded a significantly
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Figure 2. Percentage of E. coli isolates showing resistance to various antimicrobials.
Table 3. Distribution of resistance.
Sampling sites

Isolates resistant to various antimicrobials [(numbers (%)]

Sites

Amp Fox

Ctx

Caz Cpd

Site 1
(domestic use)

25
25
10
3
10
1
7
20
(47.2) (47.2) (18.9) (5.7) (18.9) (1.9) (13.2) (37.7)

11
4
(20.8) (7.5)

6
1
4
17
26
18
(11.3) (1.9) (7.5) (32.1) (49.1) (34)

Site 2
(settlements)

30
21
4
(56.6) (39.6) (7.5)

0
(0)

17
(32.1)

1
(1.9)

5
(9.4)

5
(9.4)

Site 3
(virgin land)

35
16
3
(66.0) (30.2) (5.7)

4
9
(7.5) (17)

18
(34)

4
(7.5)

11
4
(20.8) (7.5)

1
4
10
28
13
(1.9) (7.5) (18.9) (52.8) (24.5)

Site 4 (sewerage
effluent)

29
17
7
0
(54.7) (32.1) (13.2) (0)

8
0
(15.1) (0)

5
(9.4)

22
(41.5)

4
(7.5)

8
5
(15.1) (9.4)

0
(0)

2
18
(3.8) (34)

Site 5 (near road
and farming

42
31
1
(79.2) (58.5) (1.9)

0
(0)

7
0
(13.2) (0)

3
(5.7)

27
(50.9)

0
(0)

6
4
(11.3) (7.5)

0
(0)

1
5
19
15
(1.9) (9.4) (35.8) (28.3)

Site 6
(industrial zone)

42
39
1
(79.2) (73.6) (1.9)

1
11
0
(1.9) (20.8) (0)

4
(7.5)

43
(81.1)

2
(3.8)

16
9
(30.2) (17)

0
(0)

0
(0)

9
(17)

Fep

0
(0)

Atm,

5
(9.4)

5
9
(9.4) (17)

Amc

Cip,

S

Na

Cn

0
(0)

C

Te

Ctx

1
8
18
(1.9) (15.1) (34)

W

8
(15.1)

22
17
(41.5) (32.1)

6
27
11
(11.3) (50.9) (20.8)

N.B: Amp: Ampicillin, Fox: Cefoxitin, Ctx: Cefotaxime, Caz: Ceftazidime, Cpd: Cefpodoxim, Fep: Cefepime, Atm: Aztreonam, Amc: Amoxicillin/clavulanic acid, Cip: Ciprofloxacin, S: Streptomycin, Na: Nalidixic, Cn: Gentamicin, C: Chloramphenicol, Te: Tetracycline, Ctx: Sulfamethoxaz,
W: Trimethoprim.

Table 4. Percentage of E. coli showing resistance to classes of antimicrobials.
Antimicrobial resistance phenotype n (%)
Site characteristics
Fully susceptible

MDR (1)

MDR (2)

MDR (3)

MDR (4 - 5)

MDR (>5)

All sites

17 (5.3)

41 (12.9)

52 (16.4)

65 (20.4)

118 (37.1)

25 (7.9)

Site 1 (domestic use)

1 (1.9)

6 (11.3)

15 (28.3)

5 (9.4)

18 (34.0)

8 (15.1)

Site 2 (settlements)

7 (13.2)

10 (18.9)

10 (18.9)

9 (17.0)

16 (30.2)

1 (1.9)

Site 3 (virgin land)

0

10 (18.9)

10 (18.9)

9 (17.0)

20 (37.7)

4 (7.5)

Site 4 (sewerage effluent)

4 (7.5)

6 (11.3)

10 (18.9)

10 (18.9)

20 (37.7)

3 (5.7)

Site 5 (near road and farming

4 (7.5)

7 (13.2)

5 (9.4)

19 (35.8)

15 (28.3)

3 (5.7)

Site 6 (industrial zone)

1 (1.9)

2 (3.8)

2 (3.8)

13 (24.5)

29 (54.7)

6 (11.3)

N.B: MDR 1: Resistance to one antimicrobial, MDR 2: Resistance to two antimicrobials, MDR 3: Resistance to three antimicrobials, MDR 3: Resistance to three antimicrobials, MDR 4 - 5: Resistance to four and five antimicrobials, MDR > 5: Resistance to five or more antimicrobials.
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high CFUs compared to other sites. Similar results have been obtained in a study conducted in Germany where
microbial contamination of water passing through megacities was assessed [11]. Downstream from this area, the
number of coliforms declined with those of virgin land showing least contamination compared to other sites. As
expected, these results showed that water near the sewerage plant was more polluted. This observation indicates
possible inefficiencies of the treatment plant. CFUs in wet season were higher than the dry season. These observations are similar to those obtained in previous studies and can be suggest a possible increase in amount of
contaminated surface run offs into the river system during rainy period [9] [12].
The current study also reported high number of resistant bacteria especially for ampicillin, cefoxitin, amoxicillin/clavulanic acid and sulfamethazole. These results are close to those published in related studies conducted
in Mexico, India, Kenya and Nigeria [12]-[15]. This is a public health concern because increase in resistant bacteria may complicate treatment of infections arising from such strains. Cefoxitin resistance was high (46.9%)
compared to other studies done in the past with an exception of study carried out in Philippines that sampled
water hand pumps and reported cefoxitin resistance of 59% [15]-[20]. High resistance to cefoxitin with concomitant low resistance to cephalosporins may indicate that majority of these isolates carry inducible chromosomal
encoded ampCs gene as suggested in other studies carried out in India [21] [22]. Ciprofloxacin resistance was
highest in section of river used for domestic purposes (site 1). We also observed resistance to third generation
cephalosporins such as cefotaxime (8.2%), ceftazidime (2.5%) and to cefepime (1.9%). These antibiotics are
used in treating complicated systemic bacterial infections and therefore, their potency is of immense clinical
value [23]. Similar results have been reported in related studies in Turkey, United Kingdom and in China
[24]-[26]. β-lactams make up to 40% of the prescribed antimicrobials in an outpatient setting with cephalosporins making up to a total of 14% of prescriptions in same setting [27] which can mean that resistance to these
antibiotics is worrying especially if strains exhibiting resistance to these agents have found their way into the
environment.
Resistance prevalence to sulfamethazole was high (44%) which is similar to related study done in Poland that
reported resistance of 94.4% among integron-harbouring E. coli from upstream water [28]. Amoxillin/clavulanic
acid resistance was 46.2% which was also high. Reports on bacteria resistant to amoxicillin/clavulanic acid in
clinical settings emerged as early as 1987 and majority of these were isolated from patients who were receiving
this antibiotic combination as a first line treatment for respiratory infections [29]. Resistance to this antimicrobial is worrying because this antimicrobial is in World health organization list of agents that are frequently used
for empiric treatment of many infections. It is therefore possible that isolates showing resistance to this antibiotic combination have a clinical background [7] [13] [30].
In this study, 65.4% of E. coli isolates showed resistance to three or more classes of antimicrobials screened.
Majority of the isolates were resistant to four to five antimicrobials (54.7%). Presence of highly MDR strains in
the water system could be interpreted to mean that Athi River is a significant reservoir for MDR strains. Related
studies conducted in China and Oregon have identified similar river systems as a significant risk factors for
highly MDR strains [20] [31] [32]. Other studies have similarly identified highly resistant strains from river sections polluted with industrial effluent [4] [33] [34]. Similar to our findings, a related study showed that high
MDR strains are more common from water ways contaminated with runoffs from land occupied by animal and
human, and those with urban and industrial sewerage [30]. More so, the study showed that sections of river that
showed no apparent human and agricultural activities had no E. coli isolates which were fully susceptible to antimicrobials. Although we did not conduct any experiments to link the MDR isolates to infections, the high antimicrobial resistance pattern observed highly suggest that some of these strains may have a clinical background
where they are subjected to strong selection pressure due to heavy use of antimicrobials. From the study, Athi
River water was found to be polluted with high levels of faecal coliforms and the water may therefore be unfit
for human use. There is a need for better waste management in Athi River town and public sensitization on ways
to treat water as to make it safe for use.

5. Conclusion
The faecal contamination of Athi River was high with the most polluted regions near the sewerage treatment
plant and the industrial zone. The ability of E. coli isolates to be resistant to third generation cephalosporins,
amoxicillin/clavulanic acid and sulfamethoxazole which are used in treatment of gram negative infections is a
public health concern. The study showed that environmental isolates in Kenya are resistant to antimicrobials and
much focus should be placed to study aquatic microbial environment as much as clinical environment. This will
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be useful in knowing the pattern of resistance in the environment, the genes responsible and whether resistance
can be transferred from one E. coli isolate to another. This will then be important in developing surveillance
systems to assess the extent of resistance in aquatic environment in Kenya and Africa. The study was helpful in
knowing antimicrobial resistance in the second longest river in Kenya which can be used as an indicator showing the extent of antimicrobial resistance in environment.
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