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We conducted 4 years of epidemiologic and genomic sur-
veillance of single-dose effectiveness of a killed whole-
cell oral cholera vaccine (kOCV) and Vibrio cholerae
transmission in the Democratic Republic of the Congo.
We enrolled 1,154 patients with diarrhea; 342 of those
had culture-confirmed cholera. We performed whole-ge-
nome sequencing on clinical and water V. cholerae iso-
lates from 200 patient households, which showed annual
bimodal peaks of V. cholerae clade AFR10e infections. A
large clonal cholera outbreak occurred 14 months after a

n estimated 2.9 million cholera cases and 95,000

deaths occur annually in cholera-endemic coun-
tries (I1). The Democratic Republic of the Congo
(DRC) has one of the highest rates of cholera in Af-
rica (2). In 2017, the Global Task Force on Cholera
Control released the document Ending Cholera: A
Global Roadmap to 2030 to reduce cholera deaths
by 90% in the DRC and eliminate cholera in 20 other
countries by 2030 (3). To address cholera in transmis-
sion hotspots, the task force recommends oral chol-
era vaccine (OCV) campaigns and case area-targeted
water, sanitation, and hygiene (WASH) interventions
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kOCV campaign of >1 million doses, likely because of low
(9%) vaccine coverage in informal settlements. Clinical
and water isolates collected in the same household were
closely related, suggesting person-to-person and water-
to-person transmission. Single-dose kOCV vaccine ef-
fectiveness 24 months after vaccination was 59.8% (95%
Cl 19.7%-79.9%), suggesting modest single-dose kKOCV
protection. KOCV campaigns combined with water, sani-
tation, and hygiene programs should be used to reduce
cholera in disease-endemic settings worldwide.

should be implemented in a ring around cholera
cases. However, a global OCV stockpile shortage
has necessitated identifying the duration of protec-
tion conferred by OCVs to determine the optimal fre-
quency for OCV campaigns (4). Most studies on OCV
effectiveness have been from India and Bangladesh
and have evaluated the effectiveness of 2-dose OCV
protection (H. Xu et al., unpub. data, https://doi.or
g/10.1101/2024.08.13.24311930). Only 4 studies have
evaluated single-dose OCV vaccine effectiveness (2
of those for a duration of >24 months), and all except
1 used the Shanchol vaccine, which is no longer pro-
duced (H. Xu et al., unpub. data).

Few studies have combined evaluations of OCV
effectiveness and genomic surveillance of clinical and
environmental Vibrio cholerae isolates by using whole-
genome sequencing (WGS), which can provide valu-
able information on how OCV campaigns affect V.
cholerae transmission dynamics and can identify ge-
netic characteristics of circulating V. cholerae strains.
WGS is also a valuable tool to link cholera epidemics
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globally and investigate V. cholerae transmission by
distinguishing strains on the basis of single-nucleo-
tide polymorphisms (SNPs) (5). Genomic data from
45 countries in Africa revealed that the V. cholerae sev-
enth pandemic El Tor (7PET) strain was introduced
into Africa >15 times since 1970 (6). Previous genomic
studies (2018-2024) in DRC have found V. cholerae
7PET strains belong to clades AFR10d, AFR10e, and
ARFR10w (7,8).

We previously used WGS to analyze water and
clinical sources of V. cholerae collected from patient
households to investigate cholera transmission dy-
namics in Bangladesh (9). We found that 80% of chol-
era patient households had isolates from water that
were closely related to clinical isolates; whereas 20%
of households had clinical isolates from infected per-
sons that were more closely related to clinical isolates
from other households than to source water isolates
in their own household. Those results were consistent
with person-to-person and water-to-person V. chol-
erae transmission. Genomic studies to elucidate trans-
mission dynamics of V. cholerae infection in cholera
patient households in sub-Saharan Africa are lacking;
previous studies have been exclusively in South Asia.

We conducted 4 years of epidemiologic and ge-
nomic surveillance of V. cholerae in eastern DRC to
achieve the following aims. First, we evaluated the
effectiveness of a single-dose of Euvichol-Plus (Eu-
Biologics, http://eubiologics.com), a killed whole-
cell OCV (kOCV), during the 24-month period after
a preventive kOCV campaign. Second, we inves-
tigated V. cholerae transmission dynamics among
cholera patients, household members, and water
sources by using WGS. Third, we determined the
spatiotemporal spread of V. cholerae in this cholera-
hyperendemic region.

Methods

Ethics Approval

We conducted this study in urban Bukavu, South
Kivu Province, DRC. We received ethics approv-
al for this study from Johns Hopkins Bloomberg
School of Public Health, (Baltimore, Maryland, USA)
and Catholic University of Bukavu (Bukavu, DRC).
All participants or their guardians provided written
informed consent.

Study Design and Protocol

During March 2020-March 2024, we conducted pas-
sive cholera surveillance at 115 healthcare facilities
in Bukavu. Patients with diarrhea who were ad-
mitted during this time had their feces tested for
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V. cholerae by using bacterial culture. We defined
cholera patients as patients with diarrhea who had a
V. cholerae-positive fecal sample by bacterial culture.
We conducted a prospective cohort study of house-
hold contacts of cholera patients during December
2021-December 2023 to investigate cholera transmis-
sion dynamics within cholera patients” households.
We defined household contacts of cholera patients
as those sharing a cooking pot and residing in the
same home with the cholera patient for the previ-
ous 3 days. We enrolled household contacts in the
study within 24 hours of enrolling the correspond-
ing cholera patient. We determined the sample size
for the prospective cohort study by using the num-
ber of cholera patients who could be screened and
who were willing to participate in the cohort study.
We visited cholera patient households on days 1, 3,
5,7,9, and 11 (visits 1-6) after the household’s in-
dex cholera patient was admitted at a health facility
to conduct clinical surveillance. For clinical surveil-
lance, we collected a fecal sample from the cholera
patient and household contacts during each house-
hold visit to test for V. cholerae by using bacterial cul-
ture. We conducted an unannounced spot check at
each timepoint to collect a sample of the household’s
water source and stored drinking water to test for V.
cholerae by bacterial culture.

During December 28, 2021-January 2, 2022, and
March 31-April 4, 2022, the DRC Ministry of Health
delivered 1.04 million doses of Euvichol-Plus kOCV
in Bukavu as a preventive OCV campaign. Vaccines
were delivered through a combination of door-to-
door visits and designated healthcare facilities. We
assessed OCV vaccination status for patients with
diarrhea and their household members through self
or caregiver reporting during the time of patient
treatment in the healthcare facility or during a home
visit conducted the same or the following day. Study
research officers administered a structured question-
naire, which obtained information on OCV adminis-
tration and the date and number of doses. An OCV
vaccine card was shown, along with a photo of the
person consuming OCV. We defined informal settle-
ments as areas where no household connections to
piped water existed.

Laboratory Analyses

All whole fecal samples were brought to the Preven-
tative Intervention for Cholera for 7 Days program
Enteric Disease Microbiology Laboratory in Bukavu
within 3 hours of the sample being produced, and wa-
ter samples were brought to the laboratory within 3
hours of collection for V. cholerae analysis by bacterial
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culture as previously described (10). We preserved
isolated bacteria as stabs in nutrient agar or on What-
man filter paper to preserve bacterial DNA.

WGS

We extracted DNA from isolates preserved as agar
stabs by using the ZymoBIOMICS DNA Miniprep Kit
(Zymo Research, https://www.zymoresearch.com)
and extracted genomic bacterial DNA from filter pa-
per by using published Chelex methods (11). The Seq-
Center (https:/ /www.seqcenter.com) and University
of New Mexico Health Sciences Center performed
WGS. We processed short reads by using the Bacto-
pia pipeline (12) and SPAdes version 3.10.0 (13) and
annotated by using Prokka version 1.520 (14). We per-
formed genome completeness estimates and checks
for contamination by using CheckM version 1.0.722
and Kraken version 0.10.6 (15,16). We deposited all
next-generation sequencing data from this study un-
der the National Center for Biotechnology Informa-
tion BioProject database (https://www.ncbi.nlm.nih.
gov/bioproject; no. PRINA1210607).

Genomic and Phylogenetic Analyses

We mapped paired-end reads for 255 7PET isolates
and compared variants with the V. cholerae O1 El Tor
reference genome N16961 (GenBank accession nos.
LT907989 and LT907990) by using snippy version
4.6.0 (https://github.com/tseemann/snippy) via
the Bactopia pipeline (12) to generate a reference-
based alignment containing 329 variable SNP sites.
All 255 isolates mapped with >90% of the reference
genome; thus, we further analyzed all 255 isolates.
We generated a pairwise SNP matrix for the 255
7PET isolates by using pairsnp (https://github.
com/ gtonkinhill / pairsnp). We used ARIBA ver-
sion 2.14.7 (https:/ /github.com/sanger-pathogens/
ariba) to determine mutations in the wbeT gene by
comparing sequences with a reference wild-type
Ogawa wbeT gene from the European Nucleotide
Archive database (https://www.ebi.ac.uk/ena; ac-
cession no. AEN80191.1)

We compared 7PET isolates from this study with
1,418 globally representative 7PET strains to assess
phylogeographic relatedness (17). We used the 12,561
variable site (SNPs) alignment to build a maximum-
likelihood phylogeny; we used IQ-Tree version 1.6.12
and the general time reversible substitution model
with the gamma distribution to model site hetero-
geneity with 10,000 ultrafast bootstraps and used
10,000 bootstraps for the Shimodaira-Hasegawa-like
approximate-likelihood ratio tests (18). We visualized
phylogenies by using ggtree version 1.6.11 (19) and
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rooted the trees by using the pre-seventh pandemic
V. cholerae strain M66.

Local Transmission Analyses

We gained insights into local transmission dynamics
from a 329 SNP reference-based alignment of the 255
7PET isolates. We built a maximum-likelihood tree
by using 1Q-Tree and the models and bootstraps as
described previously. We visualized phylogenies by
using Microreact (20). We created minimum span-
ning trees by using GrapeTree version 1.5.0 (21) and
visualized geospatial data for cases by using Python
geopandas (https://github.com/geopandas/geopa-
ndas) and contextily (https://github.com/geopan-
das/contextily) packages.

Statistical Analysis

We assessed single-dose Euvichol-Plus kOCV effec-
tiveness during the 24-month period after vaccina-
tion by using a test-negative design among patients
with diarrhea. We used logistic regression models
with cholera infection as the outcome (defined as a
positive V. cholerae bacterial culture) and kOCV vac-
cination status (whether patients with diarrhea re-
ported receiving 1 dose of kOCV during the kOCV
campaign period) as the predictor. In this model, the
odds ratio was the odds of single-dose kOCV vacci-
nation effectiveness in the cholera-positive patients
with diarrhea compared with controls (non-cholera
patients with diarrhea). We calculated vaccine ef-
fectiveness by using the equation (1 - OR) x 100%,
and we excluded persons who reported receiving
2 doses of kOCV from the analysis. We performed
analyses by using SAS version 9.4 (SAS Institute Inc.,
https:/ /www.sas.com). We performed permutation
tests by using R (The R Project for Statistical Com-
puting, https://www.r-project.org) and Python to
analyze pairwise comparisons of genomic data. For
pairwise comparisons, we compared SNP counts for
each strain with those from the V. cholerae reference
strain N16961.

Results

Epidemiology

During March 2020-March 2024, we identified V.
cholerae in fecal samples from 342 (30%) of 1,154
patients with diarrhea via bacterial culture (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/31/2/24-1777-Appl.pdf). We mapped the
115 healthcare facilities and households of patients
with diarrhea surveilled in this study (Figure 1). We
observed an annual bimodal peak of cholera during
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Figure 1. Location of patients with diarrhea and the corresponding healthcare facilities where they sought treatment in a surveillance
study of Vibrio cholerae and effectiveness of single-dose oral cholera vaccine, Democratic Republic of the Congo, 2020-2024. A
total of 115 healthcare facilities and 1,098 households of patients with diarrhea are shown; 56 patient households had missing Global

Positioning System coordinates.

the dry (June-August) and rainy (September-Janu-
ary) seasons in 2020 and 2023 (Appendix Figure 2).
In December 2021, a kOCV campaign distributed 1.04
million doses of Euvichol-Plus within Bukavu (study
surveillance site). After that kOCV campaign, spo-
radic cholera patients were observed through Janu-
ary 2023. Then, ~14 months after the kOCV campaign
(June-November 2023), a large cholera outbreak oc-
curred in this same area. Nine percent (309/3,395) of
persons residing in informal settlements within the
study area reported receiving >1 kOCV dose during
December 2021-April 2022. During the 4-year sur-
veillance period, stored and source water samples
were collected from 178 cholera patient households;
9% (16/173) of households had V. cholerae-positive
stored water samples and 6% (9/157) of households
had positive source water samples. A total of 29 wa-
ter samples were V. cholerae positive over the study

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 2, February 2025

period (Appendix Figure 3). During October 2021-
November 2022 (including the 12-month period after
the kOCV campaign was initiated), no V. cholerae was
detected in drinking water samples, despite the pres-
ence of culture-confirmed cholera patients.

OCV Vaccine Effectiveness

Surveillance healthcare facilities admitted 750 pa-
tients with diarrhea during the 24-month period
after the kOCV campaign (December 2021-De-
cember 2023). We recorded demographic char-
acteristics for kOCV vaccinated and unvacci-
nated persons (Table). During the 3 nights before
hospitalization, 94% (708/750) of patients with
diarrhea reported residing in their current resi-
dences; 12% (93/748) had running water inside
their home. Twelve percent (93/750) (15 cholera pa-
tients and 78 non-cholera patients with diarrhea) of

291


http://www.cdc.gov/eid

RESEARCH

patients reported receiving >1 dose of kOCV dur-
ing December 2021-April 2022; only 2% (14/750)
of patients reported receiving 2 kOCV doses, and
13% (12/93) of kOCV-vaccinated patients showed
a vaccination card. During this period, 208 (193 un-
vaccinated and 15 kOCV vaccinated) patients had
cholera; 531 patients with diarrhea were >1 year of
age. The unadjusted single-dose kOCV vaccine ef-
fectiveness in the first 24 months after vaccination
was 59.8% (95% CI 19.7%-79.9%) for persons >1
year of age and, after adjustment for age (continu-
ous variable), was 58.7% (95% C117.3%-79.4%). We
also calculated the single-dose kOCV vaccine effec-
tiveness according to time interval (first 12-month
and second 12-month period after vaccination) for
persons >1 year of age (Appendix Table). We ex-
cluded 10 patients with diarrhea from this analysis
because they received 2 doses of kOCV.

Genomic Analyses

We sequenced 255 V. cholerae 7PET genomes from
samples collected within the study area. Of those
genomes, 247 were clinical isolates from the fecal
samples of 243 persons residing in 200 households
(198 patients and 45 household contacts), and 8
were from water samples. The WGS analysis in-
cluded 75% (255/342) of cholera patient households
during the surveillance period, and all available
isolates were sequenced. To investigate the genetic
relatedness of the V. cholerae isolates, we analyzed
the pairwise SNP differences across 255 genomes.
Of the 200 households in the study, 31 households
were represented by >1 sample, 26 households had
>1 study participant with samples, and 5 house-
holds had both clinical and water V. cholerae iso-
lates. Maximume-likelihood phylogenic analyses

of the 255 7PET V. cholerae genomes indicated the
V. cholerae isolated from both clinical and water
samples were closely related, and limited genetic
divergence occurred over the study period (Figure
2, panels A, B). Among all isolates, the minimum
number of SNP differences was 0 and the maxi-
mum number was 65 (median 13) (Figure 3, panel
A). For isolates from the same person, the range
was 0-1 SNP and median 0 SNPs. For isolates from
the same household (isolated from both clinical
and water samples), the pairwise differences range
was 0-14 SNPs (median 0) (Figure 3, panel B). We
found a significant difference in the median num-
ber of SNPs among isolates from different house-
holds compared with those from the same house-
hold (p<0.0001 by Mann-Whitney U test). In the
3 of 5 households with both clinical and water V.
cholerae isolates, the isolates had 0 SNP differences
among them; the other 2 households had 1-3 SNP
differences between the clinical and water samples.
This result provides evidence that the same strain
causing infections in household members was also
detected in the household water. However, we can-
not determine whether the water was the source of
infection or whether the water was contaminated
after an infection occurred in a household mem-
ber. The median difference in the number of SNPs
was significantly lower for isolates from cholera
patients before the kOCV vaccine campaign (me-
dian 6 [range 0-58]) compared with the number of
SNPs after the kOCV vaccine campaign (median 12
[range 0-31]) (p<0.0001 by Mann-Whitney U test).
To determine how the 255 V. cholerae isolates from
this study fit within the larger diversity of 7PET strains,
we contextualized those genomes within a global col-
lection of 1,422 additional 7PET genomes (Figure 4)

Table. Demographic characteristics of patients with diarrhea in study of effectiveness of single-dose oral cholera vaccine, Democratic

Republic of the Congo*

All patients with Vaccination status p value
Characteristics diarrhea, n = 750 Received kKOCV,n =93  No kOCV, n = 657
Age, y
Median +SD (min—max) 5 +19 (0-82) 2 +15 (0-63) 7 +19 (0-82)
0-1 217/750 (29) 30/93 (32) 187/657 (28) 0.527
1-4 148/750 (20) 28/93 (30) 120/657 (18) 0.011
5-14 96/750 (13) 11/93 (12) 85/657 (13) 0.893
>14 289/750 (39) 24/93 (26) 265/657 (40) 0.009
Patient sex
F 368/750 (49) 45/93 (48) 323/657 (49) 0.977
M 382/750 (51) 48/93 (52) 334/657 (51)
Running water inside home 93/748 (12) 12/93 (13) 81/655 (12) 1.000
Working mobile phone in home 565/663 (85) 78/85 (92) 487/587 (83) 0.097
Resided in home, y, median +SD (min—max) 7 +3 (1-23) 7 +2 (3-16) 7 +3 (1-23) 0.098
Formal education,t y, median +SD (min—max) 9 +5 (0-23) 7 +5 (0-15) 9 +5 (0-23) 0.028

*Values are no. patients in each group/total no. patients analyzed (%) except as indicated. p values compare vaccination status. kOCV, killed whole-cell

oral cholera vaccine.
tFor those patients >18 years of age.
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Figure 2. Phylogenetic analysis of Vibrio cholerae seventh pandemic El Tor (7PET) isolates collected during study of V. cholerae
transmission and effectiveness of single-dose oral cholera vaccine, Democratic Republic of the Congo. A) Maximum-likelihood tree of
255 7PET V. cholerae genomes sampled in Bukavu during 2020—-2023. Node colors indicate sample type. Associated colored metadata
indicate sampling year and inferred serotypes according to genome analysis. Scale bar indicates nucleotide substitutions per site. B)
Minimum spanning tree of 255 7PET V. cholerae genomes sampled in Bukavu during 2020-2023. Node colors indicate sample type.
Isolates with 0 single-nucleotide polymorphism differences between each other are collapsed into single node. Node sizes are scaled
according to the number of samples. Scale bar indicates single-nucleotide polymorphisms.

(17). Phylogenetic analysis placed the 255 isolates with-
in the T10 lineage of the AFR10e clade. Our isolates,
sampled during 2020-2023, were similar to other recent
samples (2015-2020) from DRC in the same region of
South Kivu (8). Genomic analysis of the wbeT gene indi-
cated that samples from 2020-2022 had intact wild-type
wbeT genes, which indicates an Ogawa serotype; we ob-
served 1 exception for a sample from 2020 with a frame-
shift mutation (N165fs), which would likely result in an
Inaba serotype. However, all samples from 2023 after
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the OCV campaign appear to have a fragmented wbeT
gene marked by insertion of mobile elements, likely
conferring an Inaba serotype. In line with other AFR10e
strains, our isolates harbored mutations in gyrA (S83I)
and parC (S85L) genes, which have been proposed to
reduce susceptibility to fluoroquinolones (8).

Discussion

In the urban cholera-endemic setting in DRC where
we conducted our study, annual bimodal peaks of
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Figure 3. Pairwise comparisons of SNPs in surveillance study of Vibrio cholerae and effectiveness of single-dose killed oral cholera
vaccine (kOCV), Democratic Republic of the Congo. A) Violin plot showing distribution of pairwise SNP differences from all isolates
collected during the study, those from the same household, and those pre-kOCV and post-kOCV campaign. Density curves indicate
frequency of data points. Inside each density plot, horizontal white lines within boxes indicate medians; box tops and bottoms indicate
upper (third) and lower (first) quartiles; and whiskers indicate minimum and maximum values. Number of pairwise comparisons for each
category is as follows: all samples, n = 32,385; same household, n = 99; pre-kOCV campaign, n = 6,205; and post-kOCV campaign,

n = 10,296. B) SNP differences per household. Pairwise SNP differences are relative to the first sample in the household. Node colors
indicate sample type; stems connect samples to their household. ID, identification; SNP, single-nucleotide polymorphism.

V. cholerae clade AFR10e infections corresponded
with the dry and rainy seasons. One third of patients
with diarrhea attending 115 surveillance healthcare
facilities were confirmed to have cholera by bacterial
culture; 9% of stored water and 6% of source water
samples from cholera patient households contained V.
cholerae. This finding suggests that both source water
and contamination of stored water might be potential
transmission routes for V. cholerae infections in cholera
patient households. A large clonal cholera outbreak
occurred 14 months after >1 million doses of Euvichol-
Plus kOCV vaccines were distributed in the same area.
This large outbreak occurred despite the vaccine cam-
paign, possibly because of the low (9%) kOCV cover-
age within informal settlements in Bukavu, which are
often hotspots for cholera because of limited access to
improved drinking water sources, sanitation options,
and poor hygienic conditions (22). No water samples
were positive for V. cholerae during the 12-month pe-
riod after the kOCV campaign was initiated, despite
the presence of cholera patients. Future studies should
investigate the effect of kKOCV campaigns on V. chol-
erae persistence in the environment.

Using a test-negative design, we found that a
single dose of Euvichol-Plus provided modest pro-
tection against medically attended cholera during
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the 24 months after vaccination, consistent with
findings from other studies (H. Xu et al., unpub.
data). This test-negative design to evaluate kOCV
effectiveness could be incorporated into existing
cholera surveillance activities globally and could be
integrated as part of kOCV vaccine campaign roll-
outs. Our findings suggest that, with increased vac-
cination coverage in informal settlements, single-
dose kOCV campaigns are a promising approach
to deliver vaccines along with WASH programs to
reduce cholera in the DRC.

Our genomic findings highlight several points.
First, we did not detect any samples that grouped
in the V. cholerae clade AFR10d, a finding that seems
to further corroborate that clade AFR10e replaced
AFR10d around 2018 in this region (23). Second, dur-
ing the subsequent cholera outbreak after the large
kOCV campaign, we observed a change in V. cholerae
serotype from Ogawa to Inaba, which was likely re-
lated to a fragmented wbeT gene marked by insertion
of mobile elements. This finding is consistent with an-
other study that observed a serotype switch after an
OCV vaccination campaign (24). In addition, we ob-
served an increase in the number of SNP differences
among V. cholerae isolates collected after the kOCV
campaign, compared with those collected before the
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campaign. However, both our findings and those
from the previous study are observational, and cau-
sality cannot be inferred. Third, this study provided
evidence that household water source contained the
same isolates that caused cholera infections among
household members. This result combined with the
finding that clinical isolates in the same household
were more closely related than isolates from different
households (even when no V. cholerae was found in
household drinking water source) suggests a combi-
nation of person-to-person and water-to-person chol-
era transmission. Our findings suggest it is critical for
WASH programs to place emphasis on both chlorina-
tion of household water and handwashing with soap
to prevent cholera transmission.

The first strength of our study is the 4-year dura-
tion of epidemiologic and genomic surveillance of
cholera patients and their water sources before and
after a kOCV campaign. Previous longitudinal stud-
ies including both clinical and environmental sur-
veillance have been almost exclusively performed in
South Asia. Second, we evaluated the effectiveness of
a single-dose of Euvichol-Plus over a 24-month peri-
od, building on previous studies that focused most-
ly on 2-doses of kOCV and evaluated the Shanchol
kOCV, whichisnolonger produced. Onestudy evalu-
ated the single-dose kOCV effectiveness of Euvichol-
Plus for a period of >24 months in DRC and found
54% effectiveness 12-17 months after vaccination,
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similar to our study (25). In addition, the test-neg-
ative design for kOCV effectiveness builds on ob-
servational studies using community controls by
reducing the likelihood of differences in care-seek-
ing behavior between V. cholerae-infected persons
and controls, which can introduce substantial bias
in observational studies of vaccine effectiveness.
Finally, the inclusion of the genomics data enabled
us to investigate how water and clinical V. cholerae
strains evolved over time before and after a kOCV
campaign and to investigate V. cholerae transmission
dynamics in cholera patient households.

The first limitation of our study is that our surveil-
lance focused only on an urban setting; therefore, we
cannot generalize our findings to rural settings. Ad-
ditional data on single-dose kOCV vaccine effective-
ness is needed in rural settings globally. Second, as
with all observational study designs, misclassification
of a patient’s vaccination status and cholera infection
outcome is possible. Also, the vaccine campaign in this
study was a preventive campaign in an area identified
as a hotspot; however, because of a global kOCV vac-
cine shortage, all cholera vaccination campaigns are
currentlly reactive and respond to outbreaks. Future
studies are needed to evaluate single-dose kOCV effec-
tiveness during reactive kOCV campaigns worldwide.

In conclusion, we observed annual bimodal peaks
of V. cholerae clade AFR10e in an urban cholera-en-
demic area in eastern DRC. One third of patients with

B

Figure 4. Phylogenetic analysis of Vibrio cholerae strains in study of V. cholerae transmission and effectiveness of single-dose killed
oral cholera vaccine, DRC. Maximum-likelihood phylogenetic trees were prepared to compare V. cholerae seventh pandemic El Tor
(7PET) isolates. A) Globally representative phylogeny of 1,428 7PET strains; 5 representative isolates from this study (red) were placed
within the larger context of those 7PET strains. Tree was rooted on the A6 strain. Branch colors indicate geographic origin of the strain.
B) Phylogeny of the T10/AFR10 lineage of V. cholerae. Colors indicate different V. cholerae lineages. Representative isolates from this
study (n = 46; red) were placed within the context of 221 T10/AFR10 lineage strains. Tree was rooted on the reference strain N16961.
Scale bars indicate nucleotide substitutions per site. DRC, Democratic Republic of the Congo.
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diarrhea admitted to surveillance healthcare facilities
were confirmed to have cholera by bacterial culture. A
large clonal cholera outbreak occurred 14 months after
a single dose kOCV campaign, and the severity of the
outbreak might have been related to the low vaccine
coverage in informal settlements. Genomic analyses
suggest that both person-to-person and water-to-per-
son transmission occurred. A single-dose of Euvichol-
Plus kOCV provided modest protection against medi-
cally attended cholera during the 24 months after
vaccination. Our findings indicate that single-dose
kOCV campaigns in combination with WASH pro-
grams should be used to reduce cholera disease in
cholera-endemic settings worldwide.

Acknowledgments

We thank the study participants for their support in
implementing this study, our funders, and our research
officers Raissa Boroto, Freddy Mwambusa, Pacifique
Kitumaini, Blessing Muderhwa, Jean Claude Lunyelunye,
Feza Rugusha, Gisele Kasanziki, Brigitte Munyerenkana,
Jessy Tumsifu, Pascal Kitumaini, Emmanuel Buhendwa,
and Julienne Rushago, who played a crucial role in the
success of this work.

This work was funded by Wellcome and UK aid from the
Foreign and Commonwealth Development Office (grant
no. 2156747197 to C.M.G.) and by the National Institutes
of Health (grant nos. 4R01AI148332-01 to CM.G.,
UL1TR001449 and KL2TR001448 to D.D., and
2R01AI123422-06A1 to D.A.S.).

The funding agencies were not involved in study design,
data collection, data analysis, and data interpretation, or
manuscript submission. The views expressed do not
necessarily reflect the official policies or views of the
Foreign and Commonwealth Development Office.

About the Author

Dr. George is a professor and infectious disease
epidemiologist. Her research focuses on developing and
evaluating community and healthcare facility-based
infectious disease control programs to reduce infections
in low- and middle-income countries and low-resource
settings globally.

References

1. AliM, Nelson AR, Lopez AL, Sack DA. Updated global
burden of cholera in endemic countries. PLoS Negl
Trop Dis. 2015;9:e0003832. https:/ /doi.org/10.1371/
journal.pntd.0003832

2. Lessler ], Moore SM, Luquero FJ, McKay HS, Grais R,
Henkens M, et al. Mapping the burden of cholera in
sub-Saharan Africa and implications for control: an
analysis of data across geographical scales. Lancet.

296

10.

11.

12.

13.

14.

15.

16.

2018;391:1908-15. https:/ /doi.org/10.1016/
S0140-6736(17)33050-7

Global Task Force on Cholera Control. Ending cholera: a
global roadmap to 2030 [cited 2024 Sep 23]. https:/ /www.
gtfcc.org/wp-content/uploads/2020/09/ending-cholera-a-
global-roadmap-to-2030.pdf

World Health Organization. Shortage of cholera vaccines
leads to temporary suspension of two-dose strategy, as cases
rise worldwide [cited 2024 Oct 13]. https:/ /www.who.int/
news/item/19-10-2022-shortage-of-cholera-vaccines-leads-
to-temporary-suspension-of-two-dose-strategy--as-cases-
rise-worldwide

Chaguza C, Chibwe I, Chaima D, Musicha P, Ndeketa L,
Kasambara W, et al. Genomic insights into the 2022-2023
Vibrio cholerae outbreak in Malawi. Nat Commun.
2024;15:6291. https:/ / doi.org/10.1038/ s41467-024-50484-w
Weill FX, Domman D, Njamkepo E, Tarr C, Rauzier J,
Fawal N, et al. Genomic history of the seventh pandemic of
cholera in Africa. Science. 2017;358:785-9. https:/ /doi.org/
10.1126/ science.aad5901

Irenge LM, Ambroise J, Bearzatto B, Durant JF,

Bonjean M, Wimba LK, et al. Genomic evolution and
rearrangement of CTX-® prophage elements in Vibrio
cholerae during the 2018-2024 cholera outbreaks in eastern
Democratic Republic of the Congo. Emerg Microbes

Infect. 2024; 13:2399950. https:/ /doi.org/10.1080/
22221751.2024.2399950

Hounmanou YMG, Njamkepo E, Rauzier ], Gallandat K,
Jeandron A, Kamwiziku G, et al. Genomic microevolution
of Vibrio cholerae O1, Lake Tanganyika Basin, Africa. Emerg
Infect Dis. 2023;29:149-53. https:/ /doi.org/10.3201/
€1d2901.220641

George CM, Rashid M, Almeida M, Saif-Ur-Rahman KM,
Monira S, Bhuyian MS], et al. Genetic relatedness of Vibrio
cholerae isolates within and between households during
outbreaks in Dhaka, Bangladesh. BMC Genomics.
2017;18:903. https:/ /doi.org/10.1186/s12864-017-4254-9
World Health Organization. Manual for the laboratory
identification and antimicrobial susceptibility testing of
bacterial pathogens of public health importance in the
developing world. 2003 [cited 2024 Sep 20]. https:/ /www.
who.int/publications/i/item/WHO-CDS-CSR-RMD-2003.6
Debes AK, Ateudjieu J, Guenou E, Ebile W, Sonkoua IT,
Njimbia AC, et al. Clinical and environmental surveillance
for Vibrio cholerae in resource constrained areas: application
during a 1-year surveillance in the far north region of
Cameroon. Am ] Trop Med Hyg. 2016;94:537-43.

https:/ /doi.org/10.4269/ ajtmh.15-0496

Petit RA 3rd, Read TD. Bactopia: a flexible pipeline for
complete analysis of bacterial genomes. mSystems. 2020;
5:e00190-20. https:/ /doi.org/10.1128 / mSystems.00190-20
Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M,
Kulikov AS, et al. SPAdes: a new genome assembly algorithm
and its applications to single-cell sequencing. ] Comput Biol.
2012;19:455-77. https:/ / doi.org/10.1089/cmb.2012.0021
Seemann T. Prokka: rapid prokaryotic genome annotation.
Bioinformatics. 2014;30:2068-9. https:/ /doi.org/10.1093/
bioinformatics/btul53

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P,
Tyson GW. CheckM: assessing the quality of microbial
genomes recovered from isolates, single cells, and
metagenomes. Genome Res. 2015;25:1043-55.
https://doi.org/10.1101/gr.186072.114

Wood DE, Salzberg SL. Kraken: ultrafast metagenomic
sequence classification using exact alignments. Genome Biol.
2014;15:R46. https:/ /doi.org/10.1186/ gb-2014-15-3-r46

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 2, February 2025


https://doi.org/10.1371/journal.pntd.0003832
https://doi.org/10.1371/journal.pntd.0003832
https://doi.org/10.1016/S0140-6736(17)33050-7
https://doi.org/10.1016/S0140-6736(17)33050-7
https://www.gtfcc.org/wp-content/uploads/2020/09/ending-cholera-a-global-roadmap-to-2030.pdf
https://www.gtfcc.org/wp-content/uploads/2020/09/ending-cholera-a-global-roadmap-to-2030.pdf
https://www.gtfcc.org/wp-content/uploads/2020/09/ending-cholera-a-global-roadmap-to-2030.pdf
https://www.who.int/news/item/19-10-2022-shortage-of-cholera-vaccines-leads-to-temporary-suspension-of-two-dose-strategy--as-cases-
https://www.who.int/news/item/19-10-2022-shortage-of-cholera-vaccines-leads-to-temporary-suspension-of-two-dose-strategy--as-cases-
https://www.who.int/news/item/19-10-2022-shortage-of-cholera-vaccines-leads-to-temporary-suspension-of-two-dose-strategy--as-cases-
https://doi.org/10.1038/s41467-024-50484-w
https://doi.org/10.1126/science.aad5901
https://doi.org/10.1126/science.aad5901
https://www.tandfonline.com/doi/full/10.1080/22221751.2024.2399950
https://www.tandfonline.com/doi/full/10.1080/22221751.2024.2399950
https://doi.org/10.3201/eid2901.220641
https://doi.org/10.3201/eid2901.220641
https://doi.org/10.1186/s12864-017-4254-9
https://www.who.int/publications/i/item/WHO-CDS-CSR-RMD-2003.6
https://www.who.int/publications/i/item/WHO-CDS-CSR-RMD-2003.6
https://doi.org/10.4269/ajtmh.15-0496
https://doi.org/10.1128/mSystems.00190-20
https://www.liebertpub.com/doi/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://genome.cshlp.org/content/25/7/1043
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2014-15-3-r46
http://www.cdc.gov/eid

17.

18.

19.

20.

21.

22.

Cholera Vaccine, Democratic Republic of the Congo

Smith AM, Sekwadi P, Erasmus LK, Lee CC, Stroika SG, in sub-Saharan African cities. ] Urban Health. 2019;96:112-22.
Ndzabandzaba S, et al. Imported cholera cases, South https:/ /doi.org/10.1007 /511524-018-0264-4

Africa, 2023. Emerg Infect Dis. 2023;29:1687-90. 23.  Alam MT, Mavian C, Paisie TK, Tagliamonte MS, Cash MN,
https:/ /doi.org/10.3201/eid2908.230750 Angermeyer A, et al. Emergence and evolutionary response
Minh BQ, Schmidt HA, Chernomor O, Schrempf D, of Vibrio cholerae to novel bacteriophage, Democratic
Woodhams MD, von Haeseler A, et al. IQ-TREE 2: new Republic of the Congo. Emerg Infect Dis. 2022;28:2482-90.
models and efficient methods for phylogenetic inference https:/ /doi.org/10.3201/eid2812.220572

in the genomic era. Mol Biol Evol. 2020;37:1530-4. 24. Karlsson SL, Thomson N, Mutreja A, Connor T, Sur D,
https:/ /doi.org/10.1093 /molbev/msaa015 Ali M, et al. Retrospective analysis of serotype

Yu G, Smith DK, Zhu H, Guan Y, Lam TTY. Evolution. switching of Vibrio cholerae O1 in a cholera endemic
GGTREE: an R package for visualization and annotation of region shows it is a non-random process. PLoS Negl
phylogenetic trees with their covariates and other associated Trop Dis. 2016;10:e0005044. https:/ /doi.org/10.1371/

data. Methods Ecol. Evol. 2017;8: 28-36. https:/ /doi.org/ journal.pntd.0005044

10.1111/2041-210X.12628 25. Malembaka EB, Bugeme PM, Hutchins C, Xu H, Hulse JD,
Argimén S, Abudahab K, Goater RJE, Fedosejev A, Bhai ], Demby MN, et al. Effectiveness of one dose of killed oral
Glasner C, et al. Microreact: visualizing and sharing data for cholera vaccine in an endemic community in the Democratic
genomic epidemiology and phylogeography. Microb Genom. Republic of the Congo: a matched case-control study.
2016;2:€000093. https:/ /doi.org/10.1099/mgen.0.000093 Lancet Infect Dis. 2024;24:514-22. https:/ /doi.org/10.1016/
Zhou Z, Alikhan NF, Sergeant MJ, Luhmann N, Vaz C, S1473-3099(23)00742-9

Francisco AP, et al. GrapeTree: visualization of core

genomic relationships among 100,000 bacterial pathogens. Address for correspondence: Christine Marie George, Professor,

Genome Res. 2018;28:1395-404. https:/ /doi.org/10.1101/

r.232397.117
gatterthwaite D, Sverdlik A, Brown D. Revealing and School of Public Health, 615 N. Wolfe St, Baltimore, MD 21205,
responding to multiple health risks in informal settlements USA; email: cmgeorge@jhu.edu

etymologia revisited

Streptomycin

strep'to-mi’'sin

In the late 1930s, Selman Waksman, a soil microbiologist work-
ing at the New Jersey Agricultural Station of Rutgers Uni-
versity, began a large-scale program to screen soil bacteria for
antimicrobial activity. By 1943, Albert Schatz, a PhD student
working in Waksman’s laboratory, had isolated streptomycin
from Streptomyces griseus (from the Greek strepto- [“twisted”] +
mykes [“fungus”] and the Latin griseus, “gray”).

In 1944, Willam H. Feldman and H. Corwin Hinshaw at the
Mayo Clinic showed its efficacy against Mycobacterium tuberculo-
sis. Waksman was awarded a Nobel Prize in 1952 for his discov-
ery of streptomycin, although much of the credit for the discov-
ery has since been ascribed to Schatz. Schatz later successfully
sued to be legally recognized as a co-discoverer of streptomycin.
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