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Abstract

Understanding long-term antibody kinetics in different camel production systems is crucial for risk assessment for Middle
East respiratory syndrome coronavirus (MERS-CoV), a zoonotic pathogen first detected in humans in Saudi Arabia.
Though the virus is endemic in dromedary camels across Africa, the Middle East, and parts of South Asia, zoonotic
transmission outside of the Arabian Peninsula is undocumented. A retrospective analysis of longitudinal surveillance data
of MERS-CoV was conducted on 2460 serum samples collected from 174 camels in three high-risk counties of Kenya
from April 2018 to March 2021. Data were analyzed using descriptive statistics, logistic regression, and survival analysis.
A total of 93/174 (53.4%) camels were seropositive at least once (animal-level), while 882/2460 (35.85%) of all serum
samples tested seropositive (sample-level). Data were analyzed using descriptive statistics, logistic regression and survival
analysis. A total of 93/174 (53.4%) camels were seropositive at least once. All camels in the pastoral system seroconverted,
exhibiting significantly higher odds of seropositivity (OR: 9.4) compared to ranched camels, and camels above 3 years
(OR: 21.2) are more likely to be seropositive compared to young ones. The median duration of seropositivity was 21
days (IQR: 11-53), varying significantly by geographical site. Camels from Garissa and Soysambu have 97% (aOR: 0.03
(Clyso;: 0.001-0.79; p=0.035) and 98% (aOR: 0.02 (Clyse,: 0.001-0.48; p=0.015) longer durations of seropositivity than
those from Isiolo. The study demonstrates the spatiotemporal and biological variability of antibody levels, indicative of
fluctuations in viral exposure and the resultant immune response among the camel herds. Thus, camel production practices,
not just seroprevalence, drive MERS-CoV infection dynamics, demanding surveillance and stewardship strategies that are
tailored to specific production systems to effectively mitigate zoonotic risk.
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Introduction

The Middle East respiratory syndrome coronavirus (MERS-
CoV) was first isolated from a patient in Saudi Arabia present-
ing with severe pneumonia in June 2012 (Mohd et al. 2016).
This lethal zoonotic pathogen, now endemic in the Arabian
Peninsula, has since been detected in cases and camels across
Europe, Africa, Asia, and North America (Azhar et al. 2014)
(Zaki et al. 2012). As of 6th October 2025, the World Health
Organization has reported 2,640 laboratory-confirmed human
cases from 27 countries, including 958 deaths (‘“European Cen-
tre for Disease Prevention and Control,” 2025). Dromedary
camels are the established zoonotic reservoir, with genetic
studies confirming near-identical viruses in both camels and
humans in shared localities (Younan et al., 2016). In Kenya,
cross-sectional studies have confirmed the virus’s circulation in
camels, with a national seroprevalence of 62.9%, varying from
77.7% in Isiolo County to 14.0% in Nakuru County (Sitawa et
al. 2020).

The high case fatality rate (~36%) and the vast geographi-
cal range of the camel reservoir have led the WHO to classify
MERS-CoV as a high-priority pathogen under its Research
and Development Blueprint (Kelly-Cirino et al. 2019) Criti-
cally, while no human cases have been officially documented
in Kenya, phylogenetic evidence suggests a history of unde-
tected spillover events (Stalin Raj et al. 2018). While existing
seroprevalence studies provide a snapshot of exposure, they
fall short of characterizing the ongoing infection dynamics
necessary for risk assessment. Although cross-sectional stud-
ies have established the presence of MERS-CoV in Kenyan
camels, longitudinal data on antibody kinetics remain scarce.
It remains poorly understood how antibody persistence and
reinfection risks vary across the different management prac-
tices that define camel husbandry in Kenya, such as nomadic
pastoralism versus commercial ranching. This study aimed to
fill this critical gap by conducting a longitudinal analysis to (i)
characterize MERS-CoV antibody kinetics and nasal shedding
dynamics, and (ii) determine the association between seroposi-
tivity and key epidemiological factors including geographical
location, production system, age, and sex. This was achieved
through a systematic analysis of data generated from three lon-
gitudinal surveillance studies conducted in Kenya from 2018
t0 2021.

Materials and methods
Study area and design
This study was designed as a series of longitudinal sur-

veillance efforts conducted in three distinct phases across
camel production systems in Kenya from April 2018 to
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March 2021. Each phase was implemented in a different
geographical setting (Soysambu ranch in Nakuru County,
and pastoral herds in Isiolo and Garissa counties) to cap-
ture the ecological and management variability inherent to
MERS-CoV transmission dynamics in dromedary camels.
While the phases differed in location, herd composition, and
follow-up duration, all were harmonized through standard-
ized protocols for sample collection, laboratory testing, and
data recording. Serum and nasal swab samples were col-
lected at approximately 10-day intervals across all phases,
and serological and molecular assays were performed using
consistent methodologies and cut-off criteria.

To ensure analytical rigor and address potential hetero-
geneity introduced by the multi-phase design, we adopted
a stratified analytical approach. Analyses were conducted
both within and across phases, with key variables—
including production system, geographical site, and study
phase—incorporated as stratification factors or covariates
in regression and survival models. Where appropriate,
clustering at the herd and phase levels was accounted for
in statistical models to mitigate bias and preserve internal
validity. This harmonized yet stratified approach allowed us
to integrate data across phases while respecting contextual
differences, thereby enhancing the external validity of find-
ings and providing a more robust representation of MERS-
CoV dynamics across diverse camel husbandry systems in
Kenya.

The camel sera were collected during longitudinal fol-
low-up studies conducted in three MERS-CoV high risk
counties of Nakuru, Isiolo and Garissa from April 2018 to
March 2021 (“Risk Factors Predisposing Dromedary Cam-
els and Pastoral Communities to Zoonotic.Pdf,” 2023).

The 1st phase of longitudinal surveillance was conducted
in Soysambu ranch, Nakuru County and a pastoral herd in
Burat location of Isiolo County from April to October 2018.
The 2nd phase of the study was conducted in a pastoral
herd in Shimbrey location, Balambala Sub County, Garissa
County from May to October 2019. The 3rd phase was con-
ducted in a pastoral herd in Isiolo County, Burat location
from August 2020 to October 2021 (Fig. 1).

Sampling

In Isiolo county, 48 camels were recruited from a pastoral
herd in Burat location while in Nakuru County, 50 camels
from Soysambu ranch were recruited. These camels were
sampled every 10 days. Additional samples were collected
during the 2nd phase of the study conducted in a pastoral
herd of 21 camels in Shimbrey location, Garissa County.
The last batch of samples were collected in the 3rd phase
of the study from a large camel pastoral herd in Burat loca-
tion in Isiolo County from August 2020 to October 2021.
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Fig. 1 MERSCOV survey sampling sites

This herd, different from the herd recruited in the 1st phase,
constituted 27 calf dam pairs resulting in 54 camels sampled
during the baseline. From the 2nd to the 11th round of sam-
pling only the calves were sampled as compared to rounds
12 to 19 where the dams — calf pairs were sampled.

Serum and nasal swabs were collected according to the
revised FAO swab and tissue sample collection procedures
for enhancing MERS-CoV detection in camels and the labo-
ratory guidelines (FAO, 2019). The nasal swabs and tissue
samples in VTM and Trizol were placed in a liquid nitrogen
(LN2) transport canister and transported to the National Vet-
erinary Referral Laboratory (NVRL) in Kabete where the
samples were stored till laboratory processing and testing.

Laboratory analysis

Sera were tested for the presence of IgG antibodies reacting
with MERS-CoV using the Anti-MERS-CoV ELISA Camel
(IgG) protocol (EUROIMMUN, Medizinsche Labordi-
agnostika AG, 2015) and according to the manufacturer’s
instructions. Camel sera were classified based on serosta-
tus as determined by ELISA optical density readings that

Ethiopia

A

Somalia

MERS-COV Survey Sampling Sites

o 1st phase of longitudinal studies
April to October 2018
Nakuru and Isiolo Counties

2nd phase of longitudinal studies
May to October 2019
Garissa County

3rd phase of longitudinal studies
August 2020 to October 2021
Isiolo County

were converted to a ratio using the OD calibrator. ELISA
test results were interpreted according to the kit’s manufac-
turer’s guidelines (cut-off ratios of <0.8 be interpreted as
negative, >0.8 and <1.1 as borderline, and >1.1 as posi-
tive). Borderline results were classified as positive to maxi-
mize sensitivity for exposure detection, consistent with a
precautionary approach in surveillance of emerging zoono-
ses. This may slightly inflate seroprevalence estimates but
reduces the risk of missing true exposures. Samples col-
lected in Garissa county in 2019 were additionally tested
using a using a MERS-spike pseudo particle neutralization
assay as described (Perera et al. 2013) and extensively vali-
dated (Hemida et al. 2013) (Park et al. 2015).

Hydrolysis probe-based real-time reverse transcription
PCR (RT-PCR) targeting upstream of E gene of MERS-CoV
was used for screening. Two targets, one targeting upE and
the other ORF1a gene were used for confirmation as recom-
mended by the World Health Organization (Hemida et al.,
2017).
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Data management and analysis

Level of analysis clarification: Throughout this study, results
are reported at the sample level (individual serum or swab
results), animal level (per camel), or episode level (seropos-
itivity episodes) as appropriate. Each table and results sec-
tion explicitly states the level of analysis to ensure clarity.
Data analysis was performed using Stata v15 (StataCorp.,
2017). The outcome of interest for prevalence analysis was
the ELISA result, categorized as negative or positive (with
borderline results considered positive). Chi-square and
Fisher’s exact tests were used to assess associations between
categorical variables (e.g., production system, location, sex,
age) and seropositivity.

To analyze the persistence of the antibody response,
we calculated the duration of seropositivity episodes. An
episode of seropositivity was defined as a period begin-
ning with a positive test and ending with a negative test,
allowing for a maximum gap of 14 days between consecu-
tive positive results. The 14-day gap was chosen based on
known shedding and seroconversion dynamics of MERS-
CoV in camels and aligns with similar longitudinal studies
(Munywoki et al. 2014). The median duration of seroposi-
tivity and Inter Quartile Range (IQR) were calculated from
these episodes (Munywoki et al. 2014). To ensure accu-
racy, episodes that were ongoing at the start of the study
(left-censored) or at the end of the sampling period (right-
censored) were excluded from this specific calculation.
Kaplan-Meier graphs were used to visualize seropositivity
duration. A Cox proportional hazards model was used to
investigate factors affecting the duration of seropositivity.
Prior to model fitting, the proportional hazards assumption
was assessed using Schoenfeld residuals. Where violations
were detected, alternative survival models (stratified Cox
or parametric models) were considered. (Nyaguthii et al.
2021). To determine risk factors for MERS-CoV seroposi-
tivity, the longitudinal serological data for this study were
extracted from a comprehensive Excel dataset (“MASTER
TEMPLATE 27.7.22 C Consolidated (2).xlsx”) contain-
ing results from three sequential study phases conducted
between 2018 and 2021. The original dataset employed a
wide format structure, with each row representing an indi-
vidual camel and columns capturing repeated ELISA and
PCR measurements across seventeen collection time points.
To prepare these data for longitudinal analysis, we restruc-
tured the dataset from wide to long format using Python
(version 3.9) with the pandas library (version 1.4). This
transformation involved extracting time-invariant variables
(Camel ID, County, Age category, and Sex) alongside time-
varying ELISA values for each collection point. ELISA
measurements were converted to binary seropositivity out-
comes using a validated cutoff of 0.5 optical density units.
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Based on geographical location, camels were classified into
two production systems: “Ranched” (SOYSAMBU county)
and “Pastoral” (ISIOLO and GARISSA counties). Data
quality assurance procedures included excluding missing
values (coded as “xxx” or blank), standardizing age catego-
ries across study phases, and verifying the uniqueness and
consistency of camel identifiers.

The model was specified with seropositivity as the binary
outcome at each sampling point (sample-level), and predic-
tors included time (collection number), age group, sex, and
production system. Camel ID was used as the clustering
variable to account for repeated measures within animals.
We employed Generalized Estimating Equations (GEE)
with a logistic link function. The model was specified
with seropositivity as the binary outcome, and predictors
included time (collection number, treated as continuous),
age group (categorical: 3—6 months, 6—12 months, 1-2
years, >3 years), sex (binary: Male, Female), and produc-
tion system (binary: Ranched, Pastoral). An exchangeable
correlation structure was assumed, with camel ID as the
clustering variable to account for within-animal correlation.
Robust variance estimators were used to ensure valid infer-
ence even under potential misspecification of the correla-
tion structure. Reference categories were set as follows: 3—6
months for age, Female for sex, and Pastoral for production
system.

The analysis was implemented in Python using the
statsmodels library (version 0.13) with a binomial family
and logit link. Model convergence was achieved within
50 iterations using maximum quasi-likelihood estimation.
Preliminary diagnostics revealed near-perfect prediction
in the Pastoral system (96.8% seropositivity), which we
addressed through robust variance estimation and sensitiv-
ity analyses. Missing data were minimal (<5%) and handled
via complete-case analysis under the assumption of miss-
ing completely at random. Model fit was assessed through
examination of convergence stability and standard error
reliability.

Results are presented in Table 3 as odds ratios with 95%
confidence intervals and corresponding p-values, with
significance levels indicated conventionally (*p<0.05,
**p<0.01, ¥***p<0.001). All analytical code is documented
and available upon request to ensure transparency and
reproducibility. Contextually, a camel that tested positive at
least once during the study period was considered positive
and if it tested negative throughout the whole study period it
was considered negative, and this was used as the outcome
variable tested against the predictor variables (production
system, geographical site, gender, and age of the camels).
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Ethical approval and consent

Ethical approval for this study was inherent to the official
sanitary mandate and approved national work plans (2018-
2021) of the State Department of Livestock within the Min-
istry of Agriculture and Livestock Development, Nairobi,
Kenya. As this surveillance was conducted as part of the
Department’s statutory duty to monitor and control ani-
mal diseases for public health protection, a separate ethical
review committee approval was not required under national
regulations. All animal handling and sampling protocol fol-
lowed FAO and WOAH guidelines for animal welfare, and
that procedures were overseen by government veterinary
officers under the national animal health regulatory frame-
work, and aligned with international standards for veteri-
nary surveillance studies.

Informed consent was obtained from all camel own-
ers prior to sample collection. The purpose of the surveil-
lance, the procedures involved, and the use of the data were
explained verbally, and consent was documented by the
attending government veterinary officers as part of the offi-
cial fieldwork records.

Results

Herd demographics and characteristics

The demographic characteristics of the camel cohorts
involved in the longitudinal study of Middle East respira-
tory syndrome coronavirus (MERS-CoV) in Kenya, from
April 2018 to March 2021, are presented in Table 1.

MERS-CoV Seropositivity and antibody kinetics

A longitudinal collection of 2460 serum samples from
174 camels revealed an overall sample-level MERS-CoV

seropositivity rate of 35.85% (882/2460). At the animal
level, 93 camels (53.4%) tested positive at least once. On
average, each camel contributed 14.1 serum samples over
18 sampling sessions, with an average interval of 11.9 days
between sessions (Table 2).

Seropositivity varied dramatically by production system
and study site (Table 2). The pastoral production system in
Garissa exhibited near-universal and persistent infection
at the animal level, with 100% of camels (21/21) serocon-
verting, and a sample-level seropositivity rate of 89.5%
(187/209) across samples. In contrast, the ranched system
in Soysambu showed minimal viral circulation at the animal
level, with only 21.6% of camels (11/51) ever testing posi-
tive, and a sample-level seropositivity of just 7.9% (62/786)
(Table 2).

Infection patterns were strongly associated with age,
with seropositivity increasing significantly in older camels.
While young camels (3—12 months) had very low seroposi-
tivity rates (1.5—1.8%), the rate rose t0 9.9% in 1-2 year-olds
and peaked at 72.6% in camels over 3 years old. Further-
more, female camels were significantly more likely to be
seropositive (45.2% of samples; 62.0% of individuals) than
males (4.9% of samples; 21.6% of individuals) (Table 2).

Generalized estimating equations (GEE) model on
the ELISA interpretation

The generalized estimating equations (GEE) analysis
revealed that that production system and age were signifi-
cant predictors of MERS-CoV seropositivity (Table 3). The
odds of being seropositive were 8.3 times lower (95% CI:
0.08-0.18; p<0.001) for ranched camels compared to cam-
els under the pastoral system. Camels in the pastoral system
have a perfect prediction of 97% seropositivity. Addition-
ally, camels aged over 3 years were 2.18 times more likely
(95% CI: 1.63-2.91; p<0.001) to be seropositive compared
to camels, 3—6 month old. Time per collection and sex of

Table 1 Demographic characteristics of camel cohorts (animal-level) in MERS-CoV longitudinal studies, 2018-2021, Kenya

The 1st phase The 2nd Phase The 3rd Phase
Variable Soysambu (Ranch)* Isiolo (Peri-urban Variable Garissa (Pastoral) Variable Isiolo (Peri urban
(n=51) Semi-Pastoral) (n=21) Semi-pastoral)
(n=49) (n=53)
Number Percentage Number Percentage Number Percentage Number Per-
centage
Gender
Male 22 43.0 9 18.0 Male 1 5.0 Male 6 11.3
Female 29 57.0 40 82.0 Female 20 95.0 Female 47 88.7
Age category (months)
12-24 12 24.0 30 61.0 1-6 2 9.5 1-6 4 7.5
>24 15 29.0 13 27.0 7-24 2 9.5 7-24 23 43.4
<12 24 47.0 6 12.0 >24 17 81.0 >24 26 49.1

Study 1=April — October 2018; Study 2=May — October 2019; and Study 3=August 2020 — October 2021. The numbers indicated the number
of camels sampled. Repeated-measure sampling was conducted up to 19 rounds in some herds. *Soysambu is in Nakuru County
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Table 2 Sample-level seropositivity of camel samples, 2018-2021, Kenya

Item Category Number of serum samples (%) Number of samples seropositive
N=2460 n/N (%).

Study site Isiolo (2018) 828 (33.7) 448/828 (54.1)
Soysambu (2018) 786 (32.0) 62/786 (7.9)
Garissa (2019) 209 (8.5) 187/209 (89.5%)
Isiolo (2021) 637 (25.9) 185/637 (29.0)

Gender Male 570 (23.2) 28/570 (4.9)
Female 1890 (76.8) 854/1890 (45.2)

Age Newborn—2 months 38 (1.5) 10/38 (26.3)
3—6 months 204 (8.3) 3/204 (1.47)
6-12 months 681 (27.7) 12/681 (1.8)
1-2 years 313 (12.7) 31/313 (9.9)
2-3 years 215(8.7) 94/215 (43.7)
>3 years 1009 (41.0) 732/1009 (72.6)

Production system Pastoral 209 (8.5) 187/209 (89.5)
Peri-urban semi-pastoral 1465(59.6) 633/1465 (43.2)
Ranched 786 (32.0) 62/786(7.9)

Note: All proportions are sample-level (n/N samples). Animal-level seroprevalence is reported in the manuscript

Table 3 Factors associated with MERS-CoV seropositivity using Generalized Estimating Equations (GEE) analysis

Factor Category 0Odd Ratio (95% CI) P-value
Time per collection Continuous variable 1.02 (0.98-1.06) 0.342
Age group ref: 3—6 months 1.00 NA
6-12 months 1.15 (0.82-1.61) 0.421
1-2 years 1.42 (1.05-1.92)* 0.024
>3 years 2.18 (1.63-2.91)** <0.001
Sex Ref: female 1.00 NA
Male 0.89 (0.67-1.18) 0.414
Production system ref: Pastoral 1.00 NA
Ranched 0.12 (0.08-0.18)** <0.001

Perfect prediction in Pastoral system (97% seropositive), NA=Not applicable. Ref=reference.These results are reported at the sample level

(individual serumresults)

Table 4 Summary of median seropositivity durations

Variable Category Median Dura- _ Inter never seroconverted, while 42.5% (74/174) experienced a
tion (Days) Quar- single episode. A minority experienced two (7.5%) or three
tile (3.5%) episodes. Of the 118 total episodes identified, the

Range majority (74.6%) were censored.
Overall 21 1-53 The median duration of seropositivity for the 30 uncen-
Sex i;nllale ?(1) 1(1);512 sored episodes was 21 days (IQR: 11-53) (Table 4).
County G:riZsa 53 5353 Figure. 2 illustrates thes.e episodes grouped. by age and
Soysambu (Nakuru) 42 21-62 censoring status. A multivariate Cox proportional hazards
Isiolo (2018) 1 11-31 model was initially fitted to assess factors associated with
Production system Pastoral (Free-range) 53 53-53 seropositivity duration. However, the proportional hazards
Ranched 42 21-62 assumption was violated for the geographical site variable
Peri-urban 11 11-31 (global Schoenfeld residual test, p<0.05). Consequently, a

animal were not significant predictors in the GEE model
(Table 3).

Median duration of seropositivity
The analysis of seropositivity episodes (episode-level)

revealed that, at the animal level, 46.6% (81/174) of camels

@ Springer

stratified Cox model was applied, with stratification by geo-
graphical site to account for non-proportional hazards. In
this model, age and gender were not significant predictors
of seropositivity duration. The extended durations observed
in Garissa and Soysambu relative to Isiolo (2021) should
be interpreted within the context of the stratified analysis,
acknowledging the underlying heterogeneity across sites.
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Fig. 2 Episodes grouped by age. The episodes are characterized by their censoring status

The survival curves for these analyses are presented in
Fig. 3; Table 4.

RT-PCR and ppNT results for samples collected in
Garissa County

Further analysis of the highly infected Garissa pastoral herd
confirmed active virus shedding and validated the serologi-
cal findings. Using the plaque reduction neutralisation test
(ppNT) as a gold standard, the ELISA test demonstrated
high sensitivity (97.4%) and specificity (100%), with a sig-
nificant agreement between the two tests (Cohen’s k=0.435,
p<0.0001). Figure 4 shows the seroconversion of the entire
herd by the second sampling round.

Active MERS-CoV infection was confirmed via RT-qPCR
in nasal swabs from two adult female camels, yielding an
RNA detection rate of 1% (2/209 samples) (Table 5). The
cycle threshold (CT) values for the upE gene were 34.0
and 36.0. An additional six samples provided inconclusive
RT-qPCR results.

A comparison of PCR results with antibody dynamics
showed that viral RNA detection coincided with serocon-
version. Figure 5 plots the ELISA OD ratios for the two
PCR-positive camels, Gaf and Magor. In both cases, more
than a two-fold increase in antibody levels was observed.
In Gaf, MERS-CoV RNA was detected about two weeks
before the peak ELISA OD ratio, while in Magor, it was
detected at the peak. Viral RNA was detected in two adult
female camels coincident with rising ELISA OD ratios
(Fig. 5). It should be noted that without sequencing, these
findings cannot distinguish between reinfection, persistent
infection, or prolonged shedding.

Discussion

This study provides the first longitudinal characterization
of MERS-CoV antibody kinetics and shedding dynamics
in dromedary camels across different production systems
in Kenya. Our major contribution is demonstrating that
camel management practices are a primary determinant
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Table 5 RT-qPCR test outcomes by camel and round of sampling during the cohort study in Isiolo in 2019

Name of camel Age sex CT value (upE gene) RT-qPCR positivity Round of sampling
Confirmed Inconclusive
Gaf Adult Female 36.0 Yes No 4
Magor Adult Female 34.0 Yes No 6
Adhey Calf Neonate Female 38.0 No Yes 10
Afgor Adult Female 37.0 No Yes 4
Gaf 2 Adult Female 42.0 No Yes 8
Gafgredi Adult Female 38.0 No Yes 4
Shidho Adult Female 37.0 No Yes 5
Warai Adult Female 37.0 No Yes 4

Results are reported at the animal level (per camel) in this case

Fig.5 ELISA OD ratios plotted
of two camels in which MERS- < -
CoV RNA was detected plotted
against round of sampling. PCR
positive samples are shown with L
the ‘+” sign
0 |
(9]
cf) -
o
e
©
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N
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q
0 |
-—
hd T T T I I T T 1
1 2 3 4 5 6 7 8 9 1

of MERS-CoV exposure and transmission dynamics, with
significant implications for zoonotic risk assessment. The
findings reveal that high seroprevalence in pastoral systems
does not imply sterilizing immunity and that reinfection
occurs.

The near-universal seroconversion (100%) observed in
the pastoral production system in Garissa, compared to the
minimal circulation (21.6% of individuals) in the ranched
system in Soysambu, underscores the critical role of hus-
bandry practices. Pastoralist dynamics, characterized by

Collection

—e— Gof —e— Magor

seasonal movements over vast ranges and constant mixing
of herds at shared grazing areas and water points, create
optimal conditions for viral transmission and maintenance
(Gikonyo et al. 2018). In contrast, the closed, managed
nature of the ranching system limits contact with outside
herds, effectively reducing introduction and spread of the
virus. This aligns with previous cross-sectional surveys in
Kenya that reported seropositivity of 77.7% in pastoral sys-
tems versus 14.0% in ranches (Sitawa et al. 2020).
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As expected, age was a significant predictor of seroposi-
tivity, with camels over three years having 21 times higher
odds of being seropositive compared to newborns. How-
ever, the short duration of seropositivity in calves—often
within a single sampling interval—likely reflects the decay
of maternal antibodies before the development of a mature
immune response (Meyer et al. 2016; Tang et al. 2020).
More critically, the detection of viral RNA in adult cam-
els concurrently with rising antibody titres suggests that
prior exposure and seropositivity do not confer sterilizing
immunity. This suggests that sterilizing immunity may be
incomplete, allowing for recurrent viral detection, though
the nature of these events requires virological confirmation.
(Hemida et al. 2017; Farag et al. 2015).

A key finding with direct public health implications is
the detection of active viral shedding via RT-PCR in two
adult female camels from the Garissa herd at a time when
their antibody titres were rising sharply. This suggests that
seropositivity does not necessarily prevent viral shedding.
While this raises concerns about potential zoonotic trans-
mission, our study did not include human serological or
behavioral data, and thus we cannot directly quantify spill-
over risk. Phylogenetic evidence from Kenya suggests a his-
tory of undetected MERS-CoV spillover events (Stalin Raj
et al. 2018), but the frequency and drivers of such events
remain unclear and warrant targeted surveillance.

The significant geographical variation in seropositiv-
ity duration, with camels in Garissa and Soysambu having
97% and 98% longer durations than those in Isiolo, points
to the influence of local environmental and ecological fac-
tors. While drought conditions during the study period may
have increased herd congregation at limited water sources—
potentially facilitating viral transmission—climatic variables
were not formally analyzed in our models. This remains a
postulated mechanism that should be investigated in future
integrated  studies  (“Garissa_Drought EWS Bulletin
June 201920211215203640,”  2019a)-(“Garissa_Drought
EWS Bulletin September 201920211215203151,” 2019b).
This spatiotemporal variability suggests that regional factors,
such as climate stress and resource availability, can significantly
modulate infection-reinfection dynamics beyond the core pro-
duction system structure. We acknowledge perfect prediction
in the pastoral system and the stark contrast with ranched sys-
tems remains epidemiologically informative. However, it is
important to note that production system is confounded with
geography and study phase, and caution should be exercised
not to infer causal interpretation.

A key finding with direct public health implications is
the detection of active viral shedding via RT-PCR in two
adult female camels from the Garissa herd at a time when
their antibody titres were rising sharply. This temporal asso-
ciation suggests that seropositivity does not necessarily
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prevent viral shedding. However, without genomic sequenc-
ing or repeated PCR positivity, we cannot definitively dis-
tinguish between reinfection, prolonged viral shedding, or
reactivation of latent infection. The rising antibody titres
observed after PCR detection could reflect a primary infec-
tion in these animals rather than reinfection, a challenge
commonly encountered when interpreting serological data
in the absence of virological confirmation (Hemida et al.
2017; Farag et al. 2015). Thus, while our data indicate that
prior exposure does not confer sterilizing immunity, the
precise nature of the infection dynamics—whether reinfec-
tion, persistence, or reactivation—remains uncertain. This
underscores the need for integrated virological and serologi-
cal surveillance in longitudinal studies.

More critically, the detection of viral RNA in adult cam-
els concurrently with rising antibody titres suggests that
prior exposure and seropositivity do not preclude active
viral replication. This indicates that sterilizing immunity
against MERS-CoV may be limited and that recurrent viral
activity occurs, a finding consistent with reports from Qatar
and Saudi Arabia (Hemida et al. 2017; Farag et al. 2015).
Nevertheless, we acknowledge that without sequencing
data, we cannot rule out alternative explanations such as
persistent low-level shedding or assay variability.

This work presented with certain limitations: The sam-
pling schedule was inconsistent because herders moved
their herds constantly and long period of follow-ups were
practically impossible. The inconsistent pattern of the
weather conditions made it difficult to relate periods to
sampling months. In addition, some of the recruited camels
were removed during the study period for various reasons.
Furthermore, we excluded the left- and right-censored epi-
sodes, which may eliminate the majority of observed events,
however we believed that the analytical choice was robust
enough. Censored episodes were excluded only for median
duration calculation to avoid bias from incomplete observa-
tion periods. The Kaplan—-Meier and Cox models included
censored data, as stated earlier. Though the duration esti-
mates were based on uncensored episodes and should be
interpreted with caution, survival analyses included all
episodes. A similar approach had earlier been published
in a longitudinal camel MERS-CoV study (Hemida et al.
2017). Additionally, the Cox proportional hazards model
for seropositivity duration was limited by a small number
of uncensored events, resulting in wide confidence intervals
and potential model instability. Although we addressed the
violation of proportional hazards through stratification, the
findings should be interpreted with caution due to the lim-
ited sample size and inherent variability across study sites.
Finally, the detection of viral RNA in only two animals,
without accompanying genomic sequencing, limits our abil-
ity to distinguish between reinfection, persistent shedding,
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or reactivation. Although we observed a temporal coinci-
dence between PCR positivity and rising antibody titres,
this does not conclusively demonstrate reinfection and may
reflect primary infection dynamics or assay variability.

This is our core One Health insight: high seroprevalence
in pastoral herds should not be misinterpreted as protective
herd immunity. Instead, it may reflect ongoing viral activ-
ity and a potential risk of spillover to humans in frequent
contact with camels. However, the absence of reported
human cases in Kenya underscores the need for coordinated
human—animal surveillance to better understand transmis-
sion interfaces and risk factors.

Conclusions and recommendations

Despite the limitations in this study, it establishes that man-
agement practices are a primary determinant of MERS-CoV
exposure. The stark contrasts between production systems,
combined with evidence of reinfection in seropositive
adults. While our findings suggest that reinfection or recur-
rent shedding may occur in seropositive camels, the absence
of genomic sequencing limits our ability to definitively
characterize these events. Future studies incorporating viral
sequencing and repeated molecular testing are needed to
elucidate the mechanisms underlying recurrent MERS-CoV
detection in seropositive animals. Tailored mitigation strate-
gies, recognizing the distinct epidemiology in pastoral ver-
sus ranched systems, and considering the syndemic nature
of these factors, are essential for effective MERS-CoV con-
trol and prevention of future spillover events.
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