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ABSTRACT

Objectives: Escherichia coli and some Salmonella enterica serovars are zoonotic pathogens affecting
livestock and humans. These pathogens cause significant loss of productivity in livestock, severe
morbidity and mortality in humans, and have high antibiotic resistance profiles. Therefore, the
exploitation of lytic phages for therapeutic purposes is important for eliminating these resistant
bacterial strains.

Methods: Thirty-four bacterial stock isolates comprised of 23 E. coli and 11 Salmonella spp. strains
were evaluated for antimicrobial susceptibility to seven antibiotics using the Kirby-Bauer disk diffusion
test. The antibiotics included Ciprofloxacin, Trimethoprim-Sulphamethoxazole, Gentamycin, Imipenem,
Ceftriaxone, Cefotaxime, and Ofloxacin. Twelve (12/23) E. coli and (2/11) Salmonella spp. exhibited
antimicrobial resistance. Selected six (6/12) drug-resistant E. coli strains were subjected to three
different phages (PA5, EHEC005, C11S1A) for efficacy and host range assay. Similarly, two (2/2)
resistant Salmonella strains were exposed to one Salmonella phage A23 for efficacy and host range
assay. The E. coli (C11S1A) phage, which infected most bacterial hosts, was evaluated for optimal
efficiency at various pH and temperatures.

Results: £. coli isolates had the highest resistance 12/23 (52%) compared to Salmonella spp. 2/11(18%)
(p<0.05). Most resistance was against Trimethoprim-Sulphamethoxazole (44%) and (9%) for E. coli and
Salmonella spp., respectively. Furthermore, E. coli (C11S1A) phages killed all the Escherichia coli strains,
while Salmonella phage A23 only lysed the host bacteria. The E. coli (C11S1A) phages were highly
efficacious at 37 °C and pH 7.4.

Conclusion: The successful isolation of novel lytic E. coli (C11S1A) phages, which killed all the E. coli
strains tested, demonstrates the potential for therapeutic purposes for humans and livestock. J
Microbiol Infect Dis 2021; 11(4):183-190.
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INTRODUCTION typhoidal Salmonella (NTS) are among the

o ) most common cause of bacterial foodborne
Salmonella spp. and Escherichia coli are zoonoses [2]. Globally, estimates of 17.8
z_oonotlc bacte_na_ infecting  both  humans, million cases of typhoid and paratyphoid fevers
livestock, and wildlife [1]. Salmonella serovars occurred in 2017 [3]. In Sub-Sahara Africa, the
belonging to S. enterica subspecies enterica prevalence of invasive Salmonella as high as
cause 99% of human and animal infections 33% has been reported [4]. According to

and can be divided into typhoidal and non- previous studies, Salmonella is responsible for
typhoidal Salmonella (NTS) serovars. Non-
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33,000 incidences of food poisoning annually
in Uganda, of which 11.7% of infections are
due to the consumption of contaminated pork
[1]. Drugs recommended for the treatment of
enteric fever include chloramphenicol,
ampicillin and co-trimoxazole,
fluoroquinolones, third-generation
cephalosporins (ceftriaxone, cefixime), and
azithromycin  [5]. Management of the
Salmonellosis cases by antibiotic
administration is hindered by the occurrence of
antimicrobial resistance (AMR) even to drugs
of greater potency such as ciprofloxacin [3].
The presence of over 50% multi-drug resistant
(MDR) Salmonella typhi in sub-Saharan Africa
further compromises this management
strategy [4]. In Kenya, multidrug-resistant
Salmonella typhi was first reported in the years
1997-1999 at prevalence levels of 50-65% but
has gradually risen to 73% [6]. In Uganda,
reduced susceptibility to ciprofloxacin MDR
was detected in TS, and NTS strains from
humans, while antimicrobial resistance was
reported in 57.7% NTS, with ciprofloxacin most
resisted [7]. Reports of drug resistance in
Salmonella isolated from animals and their
products exist [8].

Escherichia coli is more frequently isolated
compared to Salmonella, and prevalence
varies with hosts [9]. In Uganda, drug
resistance has been reported in 65.5%, and
10-18% E. coli isolates from humans and
chickens, respectively [10]. A similar scenario
exists in Kenya, where a high prevalence of
AMR E. coli circulating in humans and
livestock was reported [11]. Drug resistance
for selected drugs, i.e., tetracycline (70.7%),
ampicillin  (65.9%), and sulphamethoxazole—
trimethoprim (68.3%), has been detected in E.
coli [11]. In Northern Tanzania, over 50% of
the E. coli isolates from domestic animals,
wildlife, and water sources displayed
resistance to at least one antibiotic [12],
whereas Salmonella species were resistant to
the third-generation
cephalosporin(ceftriaxone), which is the last
line antibiotic for Salmonella, in Northwestern
Tanzania [13].

Microbial contamination of animal products
lowers their quality. The presence of MDR
bacteria strains has led to the banning of
animal products in certain markets such as the
European Union or the USA [14]. Antibiotic
use is one of the drivers of drug resistance
development, currently a significant threat to
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global health [15]. Therefore, it is evident that
alternatives to antibiotic use are urgently
needed to curb antimicrobial resistance,
especially the increasing MDR cases.
Bacteriophages (phages), the viruses that
infect bacteria, have been identified as
potential bio-control agents capable of clearing
specific strains, including drug-resistant ones.
Phages regulate bacterial populations by the
induction of lysis and are very abundant in
various ecosystems as long as the appropriate
hosts are present [16]. The specific lysis is an
attribute that has been exploited to develop
and produce new therapeutic agents [17].
Currently, bacteriophages are much sought to
manage diseases associated with drug-
resistant bacteria; and can aid in eliminating or
preventing the emergence of MDR strains from
the farm [18]. In East Africa, there are limited
research efforts towards phage therapy, and
none has been reported for Salmonella spp.
and Escherichia coli, yet these pathogens
have been implicated in lowering animal
productivity and as well as affecting human
health [1]. Therefore, this study sought to
determine the in vitro efficacy of selected lytic
phages against Salmonella spp. and
Escherichia coli which is the basis for the
selection of candidates for the development of
biocontrol agents.

METHODS

Study design and source of study bacterial
isolates

An experimental laboratory study was carried
out on 34 bacterial isolates (23 E. coli and 11
Salmonella) that were obtained from the stock
culture collection from Uganda and Kenya.
The test bacteriophages were isolated from
sewage, chicken, and gorilla fecal samples.
This work was carried out in the Biomolecular
Laboratories, Makerere University, Uganda.

Resuscitation of the bacterial isolates and
confirmation

Escherichia coli stock isolates were inoculated
in Tryptose Soy broth (Hi-Media, India) and
incubated overnight at 37 °C, from which a
loopful was sub-cultured on MacConkey Agar
(Hi-Media, India). After overnight incubation at
37 °C, suspect colonies were phenotypically
characterized by cell morphology, gram
staining reaction and confirmed by biochemical
tests: Indole, Methyl red, Voges-Proskauer,
and Citrate utilization tests as described by
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[19]. The confirmed isolates of E. coli were
preserved in 30% glycerol in broth at -20 °C
until phage analysis. The confirmatory test for
Enterohaemorrhagic E. coli (EHEC) and
Enterotoxigenic E. coli (ETEC) was done
according to the method described by [20), by
Polymerase Chain Reaction(PCR) targeting It
and sta genes for ETEC, eae gene for atypical
and eae and bfp genes for typical EPEC.

Salmonella  spp. stock isolates were
suspended in Tryptose Soy broth (TSB), and a
loopful was transferred from overnight culture
to Xylose-Lysine-Dextrose (Hi-Media, India).
Following incubation at 37 °C for about 24 h,
Salmonella-suspect colonies, characterized by
moist, medium-sized, raised, round margin
containing black/dark spot in the center with a
translucent edge, were selected. These were
further subjected to biochemical tests: citrate
utilization, triple sugar iron, and urease test.
Finally, those positive for citrate and triple
sugar iron but negative for urea utilization were
selected and stock culture prepared.

Antimicrobial susceptibility testing

Antimicrobial ~ susceptibility tests  were
performed using the disc diffusion method,
which was previously described [21]. The
susceptibility tests of E. coli spp. and
Salmonella spp. isolates were done using the
commercial antibiotic discs: (Whatman®
Antibiotic Assay Discs), Ciprofloxacin (CIP 5
Mg), Trimethoprim-Sulfamethoxazole (SXT 25
Mg), Gentamycin (GM 10 pg), Imipenem (IPM
10 pg), Ceftriaxone (CRO 30 ug), Cefotaxime
(CTX 30 pg), and Ofloxacin (OFX 5 ug). These
antibiotics are mostly used in the treatment of
E. coli and Salmonella infections in both
humans and animals. Therefore, the results
were interpreted as percentages.

Phage enrichment, screening, and purification
of bacteriophages

Phage enrichment was done wusing a
procedure previously described [22]. Briefly,
20g of the sample (wastewater or fecal
droppings) was suspended in 80ml of SM
buffer (0.05 M Tris, 0.1M NaCl, 0.008M
MgSO4, 0.01% w/v gelatin pH 7.5),
centrifuged at 10000xg for 10min to remove
the large debris and the supernatant filtered
into media with host bacteria of interest then
incubated overnight at 37 °C. The overnight
enriched cultures were then centrifuged at
6000xg for 10 minutes (Fisher Centrific®,
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Missouri City, Texas, US), and the supernatant
was filtered through a 0.22 pym filtration unit.
For the phage screening step, 100 pl an
overnight host bacterium in broth was
inoculated in 6 ml molten soft agar (0.7% agar
with TSB), mixed by inversion, plated in TSA
plates, and left to dry with the lid slightly open.
The filtrate was serially diluted to tenfold then
5 ul of each dilution was spotted in an agar
plate with bacteria. The plates were then
incubated overnight at 37 °C. The presence of
clear zones or plagues was indicated the
presence of phages. The plaques were
observed after overnight incubation and
successive purifications made by suspending
the distinct plaque in 200 pl in SM buffer. Any
filtered phage was preserved in a 30% glycerol
awaiting assay against other isolated bacteria.

Spot assay for in vitro phage host range
determination

The host range was done by spotting phages
on different bacterial lawns and then checking
for the presence of plaques as described by
[22] with slight modifications. Briefly, sterile
normal saline of the equivalent volume was
dispensed on the lawn at specific sites for the
negative control. For positive control,
characterized phages of known hosts were
used. Briefly, the preserved phages were
bulked up using host bacteria. This was done
by adding host bacterial in 5mls of single
strength Tryptic Soy Broth (TSB), plus Calcium
Chloride followed by overnight incubation at 37
°C. The same was done for other different
bacterial cultures for host range analysis. The
bulked-up phages were then centrifuged at
6000xg for 10min and filtered using a 0.45 ym
filter into a sterile tube. Four ml single strength
TSB with 0.7% agar was used to make an
overlay containing the 100 pl host bacteria on
an already prepared TSA plate (base media)
and allowed to solidify. Then 10 pl phages
were later spotted on the selected bacterial
strains for host range assay. The TSA plates
were allowed to dry and incubated overnight at
37 °C. The plates were examined for presence
or absence of growth-inhibition areas
(plaques), and the test bacteria were
evaluated as sensitive (+ve) or negative (-ve),
respectively. The phage isolate that exhibited
Iytic activity against the highest number of
bacterial isolates was selected to evaluate
each genus's stability at  different
physicochemical conditions.
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Effect of temperature and pH on phage
stability

Stability at various pH levels was tested
following the procedure described by [23].
Briefly, the pH of the SM buffer was adjusted
to4.4,5.4,6.4,7.4,8.4, and 9.4 usingl M HCI
and 1M NaOH. Next, the phage suspensions
or lysates were added to the pH-modified SM
buffer at a ratio of 1:9 and incubated for 60 min
at 37 °C, with gentle shaking at 120 rpm. The
lysates were then serially diluted to 10-8 and
quantified using the % reduction or increase in
phage titer versus pH on the spot assayed
plates after overnight incubation at 37 °C.

The effect of temperature on phage stability
was determined as described by [23]. Briefly,
predetermined phage concentration was
incubated for 60 mins at various temperatures
(4 °c, 15 °c, 26 °c, 37 °C, 48 °C, and 59 °C),
and the suspension was allowed to get to
room temperature (20-27 °C) for 30 minutes
before quantification. Then 10 upL of each
thermally treated phage preparation was
added to indicator bacteria and incubated at
37 °C overnight. Finally, the effect of
temperature was determined by comparing the
number of phages in plates of known titer
(control) titer with those in study plates done in
duplicates.

Data and Statistical analysis

All tests were carried out using STATVIEW
software (version 5.0, SAS Institute Inc., Cary,
NC, USA). Using Fischer's exact test, drug
resistance profiles (proportion of resistant
strains) were compared.

RESULTS

Overall, E. coli exhibited significantly higher
drug resistance (52%, n=23) than Salmonella
spp. (18%, n=11) at p<0.05. Most resistance
was encountered for Co-trimoxazole at 44%
and 9% for E. coli and Salmonella spp.,
respectively. This resistance to Trimethoprim-
Sulfamethoxazole (SXT) was mainly coming
from chicken samples 6/23 (26%) for E. coli
and 1/11 (9%) Salmonella spp.. Individual
sample on E. coli drug resistance was as
follows: enterohaemorrhagic E. coli (EHEC,
cattle 0/2 (0%, all drugs); enterotoxigenic E.
coli (ETEC, cattle 1/5 (20%, 1 SXT), fresh E.
coli environment 2/5 (40%, 2 SXT), Chicken
6/7 (86%, 6 SXT), and stored environmental
samples 1/4 (25%). Only two samples
obtained from chicken contained resistant
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Salmonella spp. isolate 2/11 (18%, 1 SXT, 1
IPM), with other samples being sensitive to all
the drugs tested. GM resistance was 4.3% for
E. coli and 0% Salmonella; CTX resistance
was 4.3% E. coli and 0% Salmonella, and
finally, IPM resistance was 0% E. coli and
9.1% Salmonella spp..

Six selected resistant E. coli strains were used
for this test concerning phage host range
determination. These 6 were: (29522-Uganda
(1), ETEC-251(1, cattle), 13F2 (1, cattle),
ECO-25922-Kenya (1). E. coli phage PA5
(from sewage) only killed the host (PA5-
Uganda sample), whereas phage EHEC-015-
H7005 (from sewage) killed all the E. coli
strains except 13F2 (obtained from cattle). In
contrast, E. coli phage C11S1A (from chicken)
was a novel lytic phage that killed all the E. coli
strains (Table 1). For Salmonella, Phage A23
(isolated from gorilla fecal matter) only lysed
the host salmonella bacteria.

Since novel Iytic phage C11S1A (E. coli
phage) exhibited a broad host range, it was
further tested for pH and temperature stability.
This phage C11S1A exhibited activity at all
temperatures, and pH was evaluated
determined through the percentage of plaque-
forming units (Figures 1 & 2). However, it had
reduced activity at pH 4.4-5.4, but its efficiency
increased at pH 6.4-9.4 with optimal pH of 7.4
(Figure 2). Similarly, phage C11S1A had high
efficiency at 15 °C to 48 °C, with an optimal
temperature being 37 °C (Figure 1). However,
efficiency was highly reduced at 4 °C and 59
°C (Figure 1).
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Figure 1. Temperature variation for phage C11SIA
phage.

Figure 1 shows that this phage C11S1A
exhibited activity at all temperatures evaluated.
Our results on temperature indicated that our
phage C11S1A has high stability, it had high
efficiency at 15 °C to 48 °C with an optimal
temperature being 37 °C. However, at 4 °C
and 59 °C, efficiency was highly reduced, but
with low effectiveness.

Figure 2. pH variation for C11S1A phage

Figure 2 shows that this phage C11S1A
exhibited activity all pH evaluated, however, it
had reduced activity at pH 4.4-5.4, but its
efficiency increased at pH 6.4-9.4 with optimal
pH of 7.4 with similar.

DISCUSSION

Table 1: Host range activity of E.coli phages.

Antimicrobial resistance (AMR) is an emerging
global problem that cuts across many disease-
causing pathogens, including E. coli and
Salmonella  spp., which are zoonotic
pathogens affecting livestock and humans [1].
Therefore, the exploitation of phages for
therapeutic  purposes is important for
eliminating these resistant bacterial strains
[18].

In this study, the highest percentages of drug
resistance in isolates of E. coli and Salmonella
typhi were 52% and 18%, respectively, with
the most resistance was for trimethoprim-
Sulfamethoxazole, SXT (44%), and (9%). This
resistance to SXT was mainly coming from
chicken samples (26%) for E. coli and (9%)
Salmonella spp.. A similar study about E. coli
from chicken and human fecal samples [24]
indicated higher resistance from poultry
(78.85% and 23.3%, respectively). This study
showed that many drug-resistant human fecal
E. coli isolates were thought to originate from
chicken, and drug-resistant poultry source E.
coli isolates are likely to have originated from
susceptible poultry-source. According to [24],
this trimethoprim-Sulfamethoxazole resistance
in E. coli is correlated with dihydrofolate
reductase (DHFR) and dihydropteroate
synthase (DHPS) genes in integrons present
in E. coli. Transposons, plasmids, and class 1
integrons are responsible for the transmission
of multiple antibiotic resistance that may be
acquired through mobile genetic elements [25],
which also applies to S. typhi through
horizontal gene transfer [6].

E. coli Phages and

E. coli bacteria

Source

ATCC ETEC 1;;2T()F' ECO-  (1151AR-
E. coli Phage 29522 cattle cattlé 25922- SXT) EHEC:0157 PAS5
phages Source Uganda 251(4) fecal Kenya chicke;n Cattle(S) (Control)

(R-CTX) (R-SXT) (R-GM)

sample
EHEC-
015- Sewage +ve +ve -ve +ve +ve +ve (Host) +ve
H7005
+ve
PAS5 Sewage -ve -ve -ve -ve -ve -ve (Host)
C11S1A Chlcken +ve +ve +ve +ve +ve (Host) +ve +ve
droppings

Note: +ve for positive cross-reactivity, -ve for no cross-reactivity
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Only one sample obtained from chicken
contained resistant Salmonella spp. isolate
(50%, 1 SXT, 1 IPM), with other samples being
sensitive to all the drugs tested (Marabou
stork, tortoise, snake, and control sample).
The sensitivity in these samples indicates that
the geographical location and less exposure to
humans and livestock results in less spread of
antimicrobial resistance than the high
resistance in chicken, which has higher
proximity to humans and livestock.

In host range determination, phage C11S1A
(from chicken droppings) killed all the E. coli
host strains (100%) clearance, making it a
super phage and only one phage (A23)
sourced from gorilla lysed S. typhi. Despite the
high resistance of the chicken E. coli isolates
to the tested antibiotics (26%), they can also
be a good source of phages that are effective
in a broader host range and well described in
the diverse nature of phages [26].

Host range evaluation is another factor
contributing to phage therapy's success, as
observed in the E. coli super phage C11S1A
(from chicken), which killed all the strains,
indicating phages' therapeutic potential on
bacterial resistance. The isolation of these
phages from various sources and testing them
on the resistant strains gives hope to the rising
E. coli antimicrobial resistance [6].

This phage C11S1A exhibited activity in all
temperatures and pH evaluated; however, it
had reduced activity at pH 4.4-5.4, but its
efficiency increased at pH 6.4-9.4 with optimal
pH of 7.4. Similar observations on varying
efficacy due to varying pH have been
described elsewhere [27]. This finding shows
that pH has a significant impact on the
adsorption of the phage to the bacteria. The
sensitivity of the phage to lower pH levels
might have led to protein denaturation, and
hence less the lower plaque counts.

Our results on temperature indicate that our
phage C11S1A is high stability; it had high
efficiency at 15 oC to 48 °C with an optimal
temperature being 37 °C. Similar observations
of varying efficacy on different temperature
ranges have been described elsewhere [27].
Temperature is a crucial factor for
bacteriophage survivability [28]. However, at 4
oC and 59 oC, efficiency was highly reduced,
but with low effectiveness. This shows that at
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lower than optimal and higher than optimal
temperatures, fewer genetic materials
penetrate the bacterial cells, and hence fewer
of them are involved in the multiplication phase
[29].

Although the E. coli novel phage C11S1A
lysed six different E. coli strains indicating its
broad host range, we propose that more E. coli
strains could have been appropriate. For
Salmonella, the phage isolated only lysed the
host bacteria, and more work is needed to
search for new phages with a broad host
range.

This study documents the presence of novel
lytic phages that are effective on the MDR E.
coli and Salmonella isolates in East Africa.
Furthermore, these phages proved to be more
effective than antibiotics, indicating that
phages are an excellent source of new
antimicrobial agents that contribute to the
emerging antimicrobial resistance. Also,
isolation of phages from various sources could
provide a diverse number of phage strains
used in cocktail phage therapy. Lastly, we
demonstrated that the physicochemical
properties of the phages play a significant role
in the efficacy of the phage. Hence, they need
to be considered when isolating and storing
phages for therapeutic purposes.
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