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Abstract

Background: The antimicrobial resistance catastrophe is a growing global health threat and predicted to be
worse in developing countries. Phages for Global Health (PGH) is training scientists in these regions to isolate
relevant therapeutic phages for pathogenic bacteria within their locality, and thus contributing to making phage
technology universally available.
Materials and Methods: During the inaugural PGH workshop in East Africa, samples from Ugandan municipal
sewage facilities were collected and two novel Escherichia coli lytic phages were isolated and characterized.
Results: The phages, UP19 (capsid diameter *100 nm, contractile tail *120/20 nm) and UP30 (capsid diam-
eter *70 nm, noncontractile tail of *170/20 nm), lysed *82% and *36% of the 11 clinical isolates examined,
respectively. The genomes of UP19 (171.402 kb, 282 CDS) and UP30 (49.834 kb, 75 CDS) closely match the
genera Dhakavirus and Tunavirus, respectively.
Conclusion: The phages isolated have therapeutic potential for further development against E. coli infections.

Keywords: Phages for Global Health, Escherichia coli phage, phage therapy, antimicrobial resistance

Introduction

Antimicrobial resistance (AMR) is a growing global
problem in agriculture and human medicine.1,2 A UK

government commissioned review estimated that the con-
tinual rise in AMR will lead to 10 million deaths worldwide
and 100 trillion USD in cost by the year 2050.3,4 Although
AMR is a universal health threat, its impact is predicted to
be particularly severe in countries within Africa, particularly
in sub-Saharan countries.4,5 This is due to the exponential
population growth, economic decline, abject antibiotic stew-
ardship, and the historical impact of other serious infections
such as HIV, tuberculosis, and malaria.4–6

Bacteriophages (phages) specifically target and kill bacteria
and are inexpensive to isolate, characterize, and develop as
therapeutics, and they are much safer to the environment and
public health than antibiotics.7,8 Other advantages of phage
therapy in these parts of the world are the single-dose potential,
short production times, and relatively decreased probability of
developing resistance compared with antibiotics.9,10 Therefore,
therapeutic phage products could be developed as viable al-
ternatives or complementary approaches to antibiotics as part
of a control strategy for bacterial infections and would help to
mitigate the growing impending threat of AMR.

Despite the obvious compelling threats of AMR, research
into new antibiotics or alternative innovations in Africa are
grossly inadequate due to limited expertise, research funding,
infrastructures, and awareness. This calls for urgent sustainable
strategies to empower scientists in these parts of the world so
that they are better equipped to combat AMR not only at a local
scale, but also internationally, thereby contributing to global
infection control alongside their Western counterparts.11

Phages for Global Health (PGH), a U.S.-based nonprofit
organization, took the initiative to develop a coherent inter-
national collaboration between researchers in developed
countries and those in lower- and middle-income countries
to combat global AMR using phage technology.12,13 This
is being achieved through training workshops that aim to
transfer knowledge and skills in phage biology, genomics,
therapeutic development, writing of research grant proposals
and scientific articles, strategies for engaging stakeholders,
and establishing international collaborations.12,14

Scientists in more than thirteen African countries have
started to isolate and study phages that target diverse human,
animal, and plant pathogenic bacteria.11,12,15 Most of the

phages, however, are poorly characterized and research into
their therapeutic development are still in rudimentary stages.11

In East Africa, to the best of our knowledge, very little phage
therapy research was conducted before July 2017 when the
inaugural PGH phage workshop was conducted for scientists
from that region hosted at Makerere University in Uganda.12

The workshop involved lectures covering all aspects of
phage biology, genomics and applications, as well as hands-
on practical sessions on phage isolation, characterization, and
bioinformatics. This workshop and other subsequent ones
in East Africa (Kenya, June/July 2018; Tanzania, January
2020), West Africa ( July 2019), and Southeast Asia (March
2022 and May 2023) were funded by a variety of foundations,
scientific research grants, and individual donations.12–14

During the Ugandan workshop, 20 phage isolates were
identified that could lyse Escherichia coli strains from Africa
and the United Kingdom. They were isolated from local
sewage sources using standard phage isolation procedures.
Further isolation steps and characterization of clonal phages
from these crude isolates were conducted at the Centre for
Phage Research, University of Leicester, UK. In this study,
we present the morphology and genome characteristics of
two of these phages alongside their host range properties (the
number of bacterial strains the phages can lyse), which
highlight their potential for future therapeutic application for
E. coli infections in Africa and other parts of the world.

Materials and Methods

Bacterial strains and culture conditions

Eleven human clinical E. coli isolates were examined in this
study. Six of the isolates (isolated from fecal samples of patients
with diarrhea) were kindly donated by Dr. Jesca Nakavuma
from Makerere University in Uganda. Three additional fecal
isolates (from patients with gastroenteritis) were kindly donated
by Dr. Ngalla Jillani and Dr. Atunga Nyachieo from the Institute
ofPrimate Research in Kenya. The remaining two isolates (from
swabs from diabetic foot patients) were kindly provided by Prof.
Martha Clokie from the University of Leicester in the United
Kingdom (Table 1). E. coli PA5 and EA2 were used in the initial
screening of the sewage samples to isolate phages.

All bacterial isolates were used for host range analyses and
stored in Protect bacterial preservers (Abtek Biologicals Ltd.,
Liverpool, United Kingdom) at -80�C and recovered by
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streaking out on Tryptone Soy Agar (TSA) (ThermoFisher
Scientific, Hampshire, UK) and incubating aerobically at
37�C for 24 h. Bacterial liquid cultures were prepared by
inoculating two colonies of 24 h-bacterial cultures from
TSA into 5 mL of Tryptone Soy Broth (TSB; ThermoFisher
Scientific) and incubated with shaking at 50 rpm for 3 h.

Phage isolation and purification

All ethical measures relating to collecting, handling of
sewage material, and disposing of waste were observed
(Uganda National Water and Sewerage Corporation Re-
ference: BSS/R&D/17-02). Approximately 40 mL of sewage
samples from the Kampala city municipal treatment facilities
were collected in 50 mL Falcon tubes, transported on ice, and
processed within 2 h of collection. The samples were centri-
fuged at 5000 g for 10 min to remove debris and other undis-
solved particles, and the resultant *20 mL filtrates (filtered
using 0.45lm filters) were each divided into two equal 10 mL
aliquots. Phages were isolated directly from the first set of
aliquots. The second set of filtered sample portions were sub-
jected to an enrichment procedure in Erlenmeyer flasks con-
taining 10 mL double strength TSB supplemented with 2 mM
CaCl2 and 100 lL of overnight TSB culture of PA5, which is a
locally sourced E. coli strain from Uganda (Table 1). After
incubating with shaking at 50 rpm at 37�C for 24 h, the cultures
were centrifuged and filtered as aforementioned.

The resultant filtrates from both the first (direct isolation
process) and second (enrichment method) aliquots were serially
diluted in phage buffer (50 mM Tris-HCl pH7. 5, 100 mM NaCl,
and 8 mM MgSO4) and subjected to initial phage screening
using a double agar overlay plaque assay technique. The top
semisolid overlays of 4 mL TSB with 0.75% agar contained
100 lL of TSB cultures of either E. coli locally sourced
strains PA5 or EA2, cast and set on TSA 90 mm plates (Table 1).

Afterward, 10 lL aliquots of the diluted filtrates were
applied to the confluent bacterial cultures in the top agar
overlays. After incubation overnight at 37�C, individual clear
plaques were randomly selected, added to 1 mL of phage
buffer and transported to the United Kingdom for further
phage purification and screening. Crude phage isolates were
further subjected to five rounds of single plaque purification
using plaque assay technique on the corresponding E. coli
host strains as described earlier and previously.16,17

In the final purification step, five plates containing semi-
confluent plaques of each purified phage were selected and
the top semisolid agar was scraped and collected into 5 mL
phage buffer and incubated at 4�C for 1 h to allow the phages
to diffuse out of the agar. This was followed by centrifuging
as earlier and filtering through 0.22 lm filters. Supernatants
containing 108 PFU/mL of the phages (titered using plaque
assay as previously described) were subjected to further an-
alyses as described hereunder.16,17

Phage host range analysis and morphology screening

We determined the host range properties of the phages using
a spot test technique.16 In brief, confluent bacterial cultures
(Table 1) in semisolid overlays were prepared by adding
100 lL broth cultures to 4 mL of warm (at 50–55�C) semisolid
TSB containing 0.75% agar and mixed by inversion. This was
poured on TSA agar plates and allowed to set at room tem-
perature for *10 min. Afterward, 10 lL volumes of the phages
were applied in duplicates on each agar plate and allowed to dry
for *5 min under a flow hood with the lid slightly opened
followed by incubation overnight under aerobic conditions.

The morphologies of the phages were determined using
transmission electron microscopy (TEM) analyses as described
previously and the images were edited using ImageJ.16

DNA extraction and genome characterization
of phages

DNA was extracted from 2 mL of the purified phage
lysates using previously described methods.16 A total of
*2 ng of the resulting DNA in 5 lL Tris-HCl were subjected
to genomic sequencing using the Illumina sequencing tech-
nology with two · 250 bp paired-end reads and 30 · coverage
(MicrobesNG, Birmingham, UK). The raw data were trim-
med using Fastp and assembled using SPAdes v3.13.0.18

The genome quality was assessed using FastQC (v0.11.7).19

Assembly statistics were generated using BBMap (v38.88),
SAMtools (v0.1.8) and QUAST (v5.2.0).19–21 The data
for this study have been deposited in the European Nucleo-
tide Archive (ENA) (https://www.ebi.ac.uk/ena/browser/
view/PRJEB61472) under the project accession number
PRJEB61472.

Afterward, BACterioPHage LIfestyle Predictor
(BACPHLIP v0.9.6) was used to predict the lifestyle (tem-
perate or virulent) of each phage based on a local data set of
634 phage genomes.22 BACPHLIP detects the presence of
conserved domains and utilizes these data to predict lifestyle
using a random forest classifier. Genome annotation was
performed using Prokka v1.14.6 with PHROGS (Prokaryotic
Virus Remote Homologous Groups database) using a previ-
ously described method and visualized with Proksee.23–25

The genome relatedness was determine using BLAST and the

Table 1. Table Showing the Sources of Bacterial

Isolates Examined in this Study and Their

Susceptibility to Lysis by the Two Newly Isolated

Phages, UP19 and UP30

Human bacterial isolates Phage activity

Name Source Country UP19 UP30

EA2* Feces Uganda
EA5 Feces Uganda
EA7 Feces Uganda
EA9 Feces Uganda
PA2 Feces Uganda
PA5* Feces Uganda
EC1 Feces Kenya
EC2 Feces Kenya
EC3 Feces Kenya
5A DFU United Kingdom
5B DFU United Kingdom

The host range properties of the phages were determined using a
spot test procedure using a double overlay method. Approximately
10 lL of 108 PFU/mL of the purified phage stocks was applied to
semisolid agar overlay with confluent cultures of the host bacteria
prepared using growing cultures. White boxes show no lysis
activity, whereas gray boxes indicate clear lysis on the cultures.
Asterisks (*) show the propagating hosts of the phages.
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genome sequence with the highest similarity percentage was
used for downstream analyses and to determine if the phages
were unique. Phage genomes with varying degree of simi-
larity were analyzed on the VIRIDIC web-based version with
default settings.26

Results

Two morphologically distinct E. coli phages
were isolated from the samples

We aimed to isolate E. coli phages from sewage samples
collected from Kampala city municipal treatment plants during
the PGH workshop using methods described in other studies.27

To ensure this was achieved during the 2-week workshop, the
sewage samples were divided into two equal aliquots and phages
were isolated either directly from the first aliquot or through
enrichment procedures in the second.16 Owing to limited re-
sources we characterized just two phages that we would poten-
tially explore for therapeutic purposes against E. coli in the future.

To isolate distinct phages we attempted to base our initial
phage selection criteria on the differences in the plaque mor-
phology and size produced by each phage.16,17 However, the
plaques produced by the phages were essentially identical, about
2 mm in diameter; hence, it was extremely difficult to identify
distinct phages and differentiate them through this method.
Therefore, we turned our focus to the phage primary host speci-
ficity, ensuring the two phages lysed different hosts.16,28 We se-
lected two E. coli phages, UP19 and UP30, which individually
lysed strains EA2 and PA5, respectively. Phage UP19 was iso-
lated directly from a sewage sample, whereas UP30 was isolated
from the enrichment procedure using the culture of host PA5.

Our TEM analysis showed that both phages are tailed
viruses with phage UP19 having a particularly large capsid
of *100 nm in diameter and a contractile tail of *120 nm
length and *20 nm diameter. The second phage, UP30, has
a capsid of *70 nm in diameter and a noncontractile tail
of *170 nm length and *20 nm diameter (Fig. 1). The
dimensions of both phages were estimated after measuring at
least ten viral particles.

The two phages isolated have different host
range properties

To gain insight into the therapeutic potential of the phages,
we determined their ability to lyse relevant strains through

host range analysis using spot test on eleven human clinical
E. coli isolates from three different geographical locations
and sources.16 The bacterial strains from Uganda (six iso-
lates) and Kenya (three isolates) were extracted from human
fecal samples, whereas the remaining two UK strains were
isolated from diabetic foot infection (Table 1).

From our data, it was clear that the two phages had distinct
host range properties, with UP19 having a broader host target
specificity (clinical coverage), infecting nine of the eleven
strains (*82%) of the isolates from the three countries. In
contrast, phage UP30 had a narrower host range, targeting
only four of the eleven isolates (*36%) from East Africa and
none from the United Kingdom (Table 1).

Genome analysis and taxonomy studies revealed that
the two isolated phages are distinct and belonged
to novel species

Analysis of the genomes of both phages UP19 and UP30
revealed that they are double-stranded linear DNA viruses.
Phage UP19 had a larger genome size of 171.402 kb, com-
prising 282 CDS and 3 tRNAs compared with UP30, which
had a 49.834 kb genome and encoded only 75 CDS and no
observed tRNAs (Fig. 2Ai, Aii and Supplementary
Tables S1–S3). Further BLAST searches showed that both
phages belonged to Class Caudoviricetes and genome anno-
tation showed that the phages are strictly lytic as no lysogeny
genes were detected in the genomes (Fig. 2Ai, Aii and Sup-
plementary Tables S1–S3).

Genome alignment of phage UP19 against closely related
phages showed high similarities to an Enterobacteria phage
vB_EcoM_IME281 (Fig. 2Bi) within the genus Dhakavirus,
subfamily Tevenvirinae, family Straboviridae. The Tuna-
virus UP30 belongs to the family Drexlerviridae, subfam-
ily, Tunavirinae with similarities to Escherichia_phage T1
(Fig. 2Bii). Based on pairwise intergenomic similarities at
the nucleotide level among related phages analyzed using the
VIRIDIC tool, we observed that both Escherichia_phage
UP19 and UP30 are unique and confirmed the identification
of novel species (Fig. 3A, B) in both cases.

Discussion

The current global AMR health threat is quickly devel-
oping into a future catastrophe due to declining antibiotic
innovations.3,4,29,30 The Western world is leading research

FIG. 1. Morphologies of the two newly isolated Escherichia coli phages (A) UP19 and (B) UP30 from Uganda during the
PGH workshop held at Makerere University in 2017. PGH, Phages for Global Health. Both phages belonged to Class
Caudoviricetes with UP19 isolated directly from a sewage sample and phage UP30, isolated from an overnight enrichment
procedure with the liquid culture of host, PA5. Phage dimension was based on measuring at least 10 particles (standard
deviation, 0.47) on ImageJ. Bar *100 nm.

144 NALE ET AL.



F
IG

.
2
.

G
en

o
m

e
m

ap
s

o
f

E
.

co
li

p
h
ag

es
(A

i)
U

P
1
9

an
d

(A
ii

)
U

P
3
0

is
o
la

te
d

in
U

g
an

d
a

d
u
ri

n
g

th
e

in
au

g
u
ra

l
P

G
H

w
o
rk

sh
o
p

in
2
0
1
7

an
d

al
ig

n
m

en
ts

o
f

(B
i)

U
P

1
9

an
d

(B
ii

)
U

P
3
0

to
ty

p
e

p
h
ag

es
sh

o
w

in
g

re
g
io

n
s

o
f

g
en

e
si

m
il

ar
it

ie
s.

G
en

o
m

es
w

er
e

an
n
o
ta

te
d

w
it

h
P

H
R

O
G

S
d
at

ab
as

e
an

d
v
is

u
al

iz
ed

u
si

n
g

P
ro

k
se

e.
T

h
e

p
h
ag

es
w

er
e

is
o
la

te
d

fr
o
m

se
w

ag
e

sa
m

p
le

s
co

ll
ec

te
d

in
K

am
p
al

a
m

u
n
ic

ip
al

ar
ea

.
G

en
o
m

es
w

er
e

an
n
o
ta

te
d

w
it

h
P

H
R

O
G

S
d
at

ab
as

e
an

d
al

ig
n
m

en
ts

co
n
d
u
ct

ed
u
si

n
g

C
li

n
k
er

.
A

cc
es

si
o
n

n
u
m

b
er

s
o
f

p
h
ag

es
u
se

d
in

th
e

al
ig

n
m

en
t

ar
e

sh
o
w

n
in

S
u
p
p
le

m
en

ta
ry

T
ab

le
S

2
.

T
h
e

d
at

a
fo

r
th

is
st

u
d
y

h
av

e
b
ee

n
d
ep

o
si

te
d

in
th

e
E

N
A

P
R

JE
B

6
1
4
7
2
.

145



F
IG

.
3
.

Im
ag

es
o
f

V
IR

ID
IC

g
en

er
at

ed
h
ea

tm
ap

sh
o
w

in
g

in
te

rg
en

o
m

ic
si

m
il

ar
it

y
v
al

u
es

an
d

al
ig

n
m

en
t

in
d
ic

at
o
rs

fo
r

p
h
ag

e
U

P
1
9

(A
)

an
d

U
P

3
0

(B
)

is
o
la

te
s

fr
o
m

in
th

is
st

u
d
y

an
d

o
th

er
cl

o
se

ly
re

la
te

d
p
h
ag

es
.
B

as
ed

o
n

th
e

IC
T

V
es

ta
b
li

sh
ed

th
re

sh
o
ld

s
fo

r
th

e
d
em

ar
ca

ti
o
n

o
f

v
ir

u
se

s
in

to
sp

ec
ie

s
(9

5
%

)
an

d
in

to
g
en

er
a

(*
7
0
%

)
w

e
co

u
ld

in
fe

r
b
o
th

p
h
ag

es
U

P
1
9

an
d

U
P

3
0

as
n
o
v
el

sp
ec

ie
s

b
as

ed
o
n

th
e

in
te

rg
en

o
m

ic
si

m
il

ar
it

ie
s

sh
o
w

n
o
n

th
e

h
ea

tm
ap

s.
In

te
rn

at
io

n
al

C
o
m

m
it

te
e

o
n

T
ax

o
n
o
m

y
o
f

V
ir

u
se

s.

146



into alternative strategies for infection control and so
many prospective anti-infectives are currently under different
stages of clinical investigations.11 However, contributions
to AMR control must extend beyond the West, and lower-
and middle-income countries need to gain greater autonomy
to develop or at least contribute to the identification of
innovative technologies for global pathogen control.11,12

In recent years, phage therapy has gained worldwide suc-
cesses in the treatment of human, animal, and plant bacte-
rial infections, including those caused by AMR strains.31,32

For Africa, the advantages of phage therapy are far-
reaching.9,10,33 Thus, PGH has undertaken the initiative to
engage and empower scientists in the region to identify,
characterize, and develop therapeutic phages for pathogenic
bacteria in the region and globally.13

Studies have shown that phages that were isolated from
one geographical region are capable of lysing bacterial
strains from a different location.9,34–36 However, due to the
specificity of phages, it is still unclear if phages isolated in a
particular geographical location would have maximum
therapeutic efficacy on bacterial strains from elsewhere.
Clearly, phages can evolve with their host bacteria with
associated costs and benefits that may affect overall thera-
peutic efficacy.37,38 It is, therefore, of paramount importance
to develop phages that can effectively target and lyse bacte-
rial strains from Africa, in addition to the many phage
products that are being developed in the West. This has been
a key focus of the work presented here.

The phages isolated in this study can be further developed
locally for the treatment of pathogens found in the African
niche.9,10,35 Alternatively, the characterized phages can be
deposited in phage banks/repositories and may thereby con-
tribute to important worldwide therapeutic resources to aid
in the control of difficult-to-treat bacterial infections.11

Although AMR has been reported for many pathogenic
bacteria in Africa, we focused on E. coli, which is one of the
leading causes of diarrhea and other serious infections with
higher morbidity and mortality both regionally and globally.
Hence, it is an important candidate before the investigation
here.5,6,9 Generally, E. coli strains are amenable to culturing
and a number of specific phages have been isolated from
Africa.39 Thus, the data and knowledge gained during PGH
workshop provided vital training for the workshop partici-
pants, as well as those they might eventually train. The
knowledge is also transferable to any pathogenic bacteria or
model systems. Therefore, there is significant potential for
phage research diversification among the participants.

With these goals in mind, we ventured into the environments
of Africa, in the municipal area of Kampala, Uganda, focusing
on the local sewage treatment plants as our main source for
isolating phages. Sewage sites are recognized as an important
reservoir for E. coli and also, for their specific phages, which
can be isolated directly from the samples as previously
reported.40–43 Both the direct and enrichment procedures yiel-
ded phages, and as expected, the phage UP30 was biased to-
ward the bacterial strain (PA5) used for its enrichment
procedure. This concurs with previous work on Salmonella and
Shigella and may have notable benefits for the targeted selec-
tion toward specific bacterial strains.44,45 However, this could
also limit the diversity of phages that are isolated.

The phages UP19 and UP30 have different levels of
therapeutic potential since they can target and lyse multiple

strains with UP19 showing a wider clinical coverage, lysing
more strains (*82%) than UP30 (*36%) from diverse
origins and geographical locations, including the United
Kingdom. It is essential to ascertain the diversity of strains a
phage can kill to determine how it might be therapeutically
applied.16,17,28,41 Also, the host range properties of phages
can help establish how their activity could be enhanced,
either through cocktail optimizations or genetic engineering
to improve lysis efficacy or clinical coverage.16,28,32

Our observed variability in the genome sizes with UP19
having a relatively larger genome size compared with UP30,
concurs with reports on other E. coli phages.46 The fact that
UP30 has no tRNA genes but UP19 encodes 3 tRNA genes
has been observed in E. coli phages with comparable genome
sizes.46,47 tRNA genes are retained in phages during infection
if they correspond to the codons found in the phages rather
than the host and have been shown to sustain phage transla-
tion, growth, or host range.48,49 This could potentially sup-
port the presence of three tRNA genes in UP19, which infects
more hosts from more sources than UP30. However, more
studies are required to further explore this in our phages.

Interestingly, the high intergenomic similarities (>70%)
among the two observed genera within the Caudoviricetes
have been reported in many E. coli phages that infect closely
related Enterobacteriaceae, E. coli, and Shigella.46 Our an-
alyses showed that the majority of the genes from the two
phages do not have identifiable functions, this may be attrib-
uted to the fact that the phages are novel and, therefore, more
studies will be required to determine the functions of these
genes. Furthermore, from our analyses none of the phages
encode any toxigenic or lysogeny genes. Thus, they have a
potential to be developed for therapeutic applications in
humans and agriculture.50

Conclusion

In this study, two morphologically and genetically distinct
novel species of lytic E. coli phages were isolated from
sewage obtained from Kampala city municipal treatment
facilities during the inaugural PGH workshop in 2017. The
phages have therapeutic potential, lysing human clinical
isolates from East Africa and the United Kingdom. Further
work will be required to ascertain their potential clinical
utility in relevant therapeutic settings. To our knowledge,
these data are the first account of phages of clinical impor-
tance that were isolated from Uganda. These findings may
bolster phage research in Africa and other developing
countries, thereby contributing to global infection control and
mitigating the impending AMR crisis.
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