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Biphasic MERS-CoV Incidence in Nomadic 
Dromedaries with Putative Transmission to 

Humans, Kenya, 2022–2023 
Appendix 

Material and Methods 

Four-to-five days per week, 10–15 dromedary camels were sampled post-mortem from 

mid-September 2022 to mid-September 2023 (total n = 2,711). The majority of sampled camels 

were male (77%, 2,084/2,711) with a median of 3.5 years (range 2–8 years). The median age of 

females was 6 years (range 2–9 years). The post-mortem swabbing was performed on the caudal 

turbinate of the nose using Copan FLOQSwabs (Mast Diagnostica GmbH, Reinfeld, Germany), 

after making a transverse incision above the nostrils to avoid contaminations from the lower part 

of the nose. For serologic analyses, blood samples were obtained by jugular vein puncture. 

A cross-sectional sampling of camel workers (n = 48) at the Isiolo abattoir was conducted 

in February 2023. Oropharyngeal sampling of humans was also done using Copan FLOQSwabs. 

For serologic testing, 5 mL blood were drawn in VACUETTE® gold cap tubes (Greiner Bio-

One GmbH, Kremsmünster, Austria). In addition, a control cohort (n = 12) with no known camel 

contact was recruited at the University of Nairobi. Ethical approval for the collection of camel 

and human samples was granted by the Kenyatta National Hospital Ethics and Research 

Committee (protocol number P534/08/2020), and the Kenya National Commission of Science 

and Technology (NACOSTI) no. P/22/21987. 

RNA extraction from camel and human samples was done using a MagnaPure 96-well 

plate nucleic acid extraction kit (Roche, Penzberg, Germany). MERS-CoV RNA was detected 
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and quantified by MERS-CoV upE RT-qPCR assay, as previously described (1). All samples 

were additionally confirmed by the MERS-CoV ORF1a RT-qPCR assay or sequencing (2). For 9 

samples with MERS-CoV RNA concentrations >1 × 106 genome copies/mL, MERS-CoV partial 

genomes were generated by Illumina next-generation sequencing (NGS). Sequence assembly was 

done by mapping the reads to the reference MERS-CoV EMC/2012 strain (GenBank accession 

No. NC_019843.3) using Geneious (version 2023.2.1), Multiple Alignment using Fast Fourier 

Transform (MAFFT) for sequence alignment, and a Tamura-Nei, neighbor-joining model for 

phylogenetic inference. All 9 Orf1ab sequences were uploaded to NCBI (GenBank no. 

OR742168–75). 

MERS-CoV-specific IgGs from dromedary and human sera were detected by a 

commercial MERS-CoV S1 enzyme-linked immunosorbent assay (ELISA, EUROIMMUN AG, 

Lübeck, Germany), as described previously (3–6). Serum samples were applied at a 1:100 

dilution previously shown to be optimal for screening purposes (4). The assay-specific cutoff 

ranges (OD ratio = 0.2–0.3 for humans, OD ratio = 0.3 for camels) and the MERS-CoV 

seropositivity rating (stage 1 = ELISA-reactive; stage 2 = ELISA-reactive + virus neutralization 

test ≥1:20) were chosen based on our previous seroepidemiological surveys (4,7). SARS-CoV-2-

specific IgGs from human sera (abattoir workers and control cohort) were detected by a 

commercial SARS-CoV-2 S1 ELISA (EUROIMMUN AG, Lübeck, Germany) according to 

manufacturer´s instruction using a 1:100 dilution and an OD ratio = 1.1 as cutoff. 

For camel sample randomization, 25 camel samples from each month were selected to be 

representative of the complete sample set after stratification using the strata function in R. All 

MERS-CoV RNA-positive samples were not included in the randomization but were also tested 

by ELISA. 

Human codon-optimized MERS-CoV Spike sequences of clade A EMC/2012 and clade 

C2.2 Kenya No. L00009980, lacking the last C-terminal 19 aa that contain an ER retention signal 

(8), were cloned into pCG1 vector using In-Fusion® Snap Assembly (TAKARA, Japan). Spike-

carrying Vesicular Stomatitis Virus-pseudotyped particles (VSVpp) with a GFP reporter were 

generated in HEK293T cells, as previously described (9). Diluted sera (1:20–1:160) or the 

positive control mAb 7.7G6 (1:20,000–1:400,000) (8), respectively, were tested in triplicates and 

mixed with 200 foci-forming units (FFUs) of VSVpp in 96 well plate, and incubated at 37°C for 
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30 minutes. Following incubation, Vero B4 suspension cells (2.5 × 104 cells/well) were added to 

the plate and incubated at 37°C for 16 hours. Following the final incubation, culture medium was 

aspirated, and the cells were fixed with ROTI®Histofix (Carl Roth) for 15 minutes succeeded by 

5 minutes of staining with DAPI (0.3 µg/mL, Merck) for cell confluency control. The resulting 

FFUs were imaged using the Autoimmun Diagnostika V Spot Spectrum, with an exposure time 

of 1 sec for GFP and 0.2 sec for DAPI at high resolution, and FFUs with intensity of ≥80 were 

counted. The same instrumental settings were used for the automatically processed and 

documented 96-well plates. 

MERS-CoV plaque reduction neutralization test (PRNT) was performed following a 

previously described protocol (10), but using 500 PFU/mL of a recombinant MERS-CoV 

EMC/2012 strain stock (11) in a 24-well plates seeded with 3.5 × 105 cells/well 1 day before use. 

Serum samples were first inactivated at 56°C for 30 minutes and dilutions 1:10–1:40 were tested 

in duplicates. Serum-virus 1:1 dilution mixtures were incubated for 1 hour at 37°C before being 

applied onto VeroB4 cell monolayers. As a positive control, the same mAb against MERS-CoV 

Spike (mAb 7.7G6) was included in a dilution series of 1:100,000–1:400,000 (12). Assayed 

supernatants were discarded after 1 h, DMEM (Lonza, Switzerland) supplemented with 1.2% 

Avicel (Sigma-Aldrich, USA) was added and the cultures were incubated for 4 days at 37°C and 

5% CO2. Cells were fixed with 6% paraformaldehyde and stained with 1% crystal violet (Carl 

Roth, Germany). The PRNT titer was calculated based on a 50% (PRNT50) reduction in infected 

cells counts. 

Graphing was done using GraphPad prism version 9.5.1, while statistical analysis was 

done on GraphPad and R software (R Studio Version 2022.12.0). 
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Appendix Table 1. Overview and details of MERS-CoV RNA-positive camels* 

Camel ID 
Sampling 

date 
County of 

origin 
Place of 

origin Sex 

MERS-CoV RNA 
concentration [copies/mL] 

upE assay 

OD ratio 
IgG 

ELISA 

Proposed subclusters 
according to 
phylogeny 

L00009821 16.09.2022 Marsabit Laisamis M 1.63 × 108 NS I 
L00009820 16.09.2022 Marsabit Laisamis M 6.91 × 104 NS NA 
L00009375 19.09.2022 Isiolo Burat M 6.41 × 103 4.24 NA 
L00009402 20.09.2022 Isiolo Burat M 1.02 × 104 3.91 NA 
L00009403 20.09.2022 Isiolo Burat F 1.87 × 106 0.3 I 
L00009560 21.09.2022 Isiolo Burat M 8.5 × 102 NS NA 
L00009558 21.09.2022 Marsabit Laisamis M 1.3 × 107 3.11 I 
L00009662 23.09.2022 Isiolo Oldo/Nyiro M 4.34 × 105 0.06 NA 
L00009804 29.09.2022 Isiolo Oldo/Nyiro M 2.29 × 103 0.06 NA 
L00009954 03.10.2022 Marsabit Laisamis M 3.15 × 106 0.18 II 
L00009966 04.10.2022 Isiolo Burat M 5.88 × 108 NS II 
L00009967 04.10.2022 Isiolo Burat M 1.82 × 103 0.21 NA 
L00009989 06.10.2022 Isiolo Burat M 6.08 × 102 0.04 NA 
L00009980 06.10.2022 Marsabit Laisamis M 7.4 × 107 0.06 I 
L00009890 07.10.2022 Marsabit Laisamis M 1.67 × 103 3.84 NA 
L00009896 07.10.2022 Marsabit Laisamis M 6.1 × 108 0.29 II 
L00009913 11.10.2022 Isiolo Burat M 2.32 × 105 0.19 NA 
L00009817 12.10.2022 Isiolo Kinna M 4.89 × 105 0.14 NA 
H08150251 20.10.2022 Marsabit Laisamis M 5.18 × 103 0.31 NA 
L00011101 05.01.2023 Marsabit Laisamis M 3.77 × 107 0.21 NA 
L00011081 10.01.2023 Marsabit Laisamis M 2.95 × 104 0.15 NA 
L00011418 24.01.2023 Marsabit Laisamis F 4.95 × 106 2.07 III 
L00011505 03.02.2023 Marsabit Laisamis M 1.26 × 106 0.22 III 
L00011523 06.02.2023 Isiolo Burat M 1.49 × 103 2.46 NA 
L00011520 06.02.2023 Marsabit Laisamis M 6.22 × 103 0.7 NA 
L00011530 07.02.2023 Marsabit Laisamis M 3.76 × 104 0.29 NA 
L00011542 08.02.2023 Marsabit Laisamis M 4.29 × 104 3.81 NA 
L00011543 08.02.2023 Marsabit Laisamis M 7.85 × 103 1.9 NA 
L00011549 09.02.2023 Marsabit Laisamis M 1.36 × 105 0.17 NA 
L00011551 09.02.2023 Marsabit Laisamis M 1.49 × 103 2.23 NA 
L00011576 13.02.2023 Marsabit Laisamis M 3.64 × 103 0.67 NA 
L00011595 14.02.2023 Isiolo Burat M 3.49 × 104 0.15 NA 
L00011622 17.02.2023 Isiolo Burat M 3.26 × 105 0.28 NA 
L00011675 23.02.2023 Marsabit Laisamis M 6.78 × 104 2.29 NA 
L00011894 21.03.2023 Marsabit Laisamis M 2.78 × 103 2.51 NA 
L00011930 24.03.2023 Marsabit Laisamis M 1.49 × 103 2.54 NA 
*NS, no serum sample available; NA, not applicable. 

 
 
 
 
Appendix Table 2. Serologic assessment of human abattoir workers and a control cohort* 

Cohort Sample ID 

MERS-CoV 
(ELISA OD 

ratio) 

SARS-CoV-2 
(ELISA OD 

ratio) 

Reciprocal 
VSVpp-NT titer 

50% (EMC/Kenya 
Spike) 

Reciprocal 
VSVpp-NT titer 

90% (EMC/Kenya 
Spike) 

Reciprocal 
PRNT50/90 based 

on MERS-CoV 
EMC 

Rating for 
MERS-CoV 

seropositivity 
Abattoir 11706 0.23 4.48 <20/<20 <20/<20 <10/<10 stage 1 pos. 
Abattoir 11717 0.39 6.83 20/40 <20/20 20/10 stage 2 pos. 
Abattoir 11722 0.33 0.62 <20/<20 <20/<20 <10/<10 stage 1 pos. 
Abattoir 11727 0.25 2.63 <20/<20 <20/<20 <10/<10 stage 1 pos. 
Abattoir 11732 0.24 1.28 <20/<20 <20/<20 <10/<10 stage 1 pos. 
Abattoir 11741 0.26 5.13 <20/<20 <20/<20 <10/<10 stage 1 pos. 
Abattoir 11746 0.24 3.02 <20/<20 <20/<20 <10/<10 stage 1 pos. 
Abattoir 11712 0.03 7.61 <20/<20 <20/<20 <10/<10 negative 
Abattoir 11738 0.03 4.48 <20/<20 <20/<20 <10/<10 negative 
Abattoir 11753 0.03 1.89 <20/<20 <20/<20 <10/<10 negative 
Abattoir 11728 0.05 6.34 <20/<20 <20/<20 <10/<10 negative 
Abattoir 11734 0.08 5.30 <20/<20 <20/<20 <10/<10 negative 
Abattoir 11755 0.11 2.61 <20/<20 <20/<20 <10/<10 negative 
Control 83319 0.09 3.12 n.d. n.d. n.d. negative 
Control 83320 0.09 7.41 n.d. n.d. n.d. negative 
Control 83321 0.15 6.44 n.d. n.d. n.d. negative 
Control 83322 0.13 0.47 n.d. n.d. n.d. negative 
Control 83323 0.08 5.10 n.d. n.d. n.d. negative 
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Cohort Sample ID 

MERS-CoV 
(ELISA OD 

ratio) 

SARS-CoV-2 
(ELISA OD 

ratio) 

Reciprocal 
VSVpp-NT titer 

50% (EMC/Kenya 
Spike) 

Reciprocal 
VSVpp-NT titer 

90% (EMC/Kenya 
Spike) 

Reciprocal 
PRNT50/90 based 

on MERS-CoV 
EMC 

Rating for 
MERS-CoV 

seropositivity 
Control 83324 0.09 8.91 n.d. n.d. n.d. negative 
Control 83325 0.08 6.01 n.d. n.d. n.d. negative 
Control 83326 0.09 7.95 n.d. n.d. n.d. negative 
Control 83327 0.10 7.51 n.d. n.d. n.d. negative 
Control 83328 0.12 2.53 n.d. n.d. n.d. negative 
Control 83329 0.09 6.95 n.d. n.d. n.d. negative 
Control 83330 0.17 8.87 n.d. n.d. n.d. negative 
*Stage 1 pos., ELISA-reactive; stage 2 pos., ELISA-reactive and virus neutralization test–positive; n.d. = not done. 

 

 

Appendix Figure 1. Origin of all MERS-CoV RNA-positive dromedaries. All dromedary samples (n = 

2,711) in this study were sampled in an abattoir hub in Isiolo, where dromedaries from the sub-national 

regions of Marsabit, Isiolo, and Samburu are slaughtered. The number of total samples, MERS-CoV 

RNA-positive samples, and percentage positivity are shown for each region. Arrows indicate the direction 

of transportation from the regions to the Isiolo abattoir hub. 
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Appendix Figure 2. Phylogeny of newly identified MERS-CoV clade C2.2 strains in Kenya 2022–2023. 

Phylogenetic tree based on ORF1ab of MERS-CoV clade A (prototypic EMC/2012, blue), clade B 

(previous and contemporary MERS-CoV on the Arabian Peninsula, green) and clade C (Africa-specific 

MERS-CoV strains, orange (C1.1), purple (C1.2), black (C2.1), red (C2.2), magenta (C3)) reported 

previously (13,14). Newly identified MERS-CoV partial genomes were sequenced by NGS as described in 

the Material & Methods section. Sequence assembly was done by mapping the reads to the reference 

MERS-CoV strain (EMC/2012) using Geneious version 9.1.8 and phylogenetic analyses using Multiple 

Alignment using Fast Fourier Transform (MAFFT) for sequence alignment and a Tamura-Nei, neighbor-
joining model for phylogenetic inference. The image was labeled using BioRender.com.
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Appendix Figure 3. Overview of anti-MERS-CoV IgG (sera) and MERS-CoV upE PCR positivity (swabs) 

in randomized camel samples. (A) Anti-MERS-CoV S1 IgG ELISA of randomized dromedary sera (n = 

369) according to the sampling month compared with MERS-CoV RNA positivity. ELISA cutoff was set to 

OD ratio = 0.3 according to previous studies (4). (B) Comparison of anti-MERS-CoV IgG levels (OD ratio) 

in MERS-CoV RNA negative- and positive-tested camels by MERS-CoV upE RT-qPCR (2). MERS-CoV 

RNA positivity is associated with low anti-MERS-CoV IgG levels. Statistical tests were done using 
GraphPad Prism (Mann Whitney test, p = 0.0002). 
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Appendix Figure 4. Antibody cross-reactivity profiling and correlation analysis of SARS-CoV-2 and 
MERS-CoV ELISA OD ratios in abattoir workers. The scatter plot illustrates the relationship between the 

SARS-CoV-2 S1 IgG ELISA OD ratio (x-axis) and the MERS-CoV S1 IgG ELISA OD ratio (y-axis) for 

serum samples from abattoir workers (n = 48). Dashed lines represent the cutoff values for SARS-CoV-2 

ELISA (OD ratio = 1.1, vertical line) and MERS-CoV ELISA (OD ratio = 0.2, horizontal line), respectively. 

Data points are plotted to visually assess the correlation between the two ELISAs. The Spearman 

correlation coefficient (r = −0.1449, p = 0.3257) suggests a negligible linear relationship, indicating that 

the antibody responses to SARS-CoV-2 and MERS-CoV are largely independent ruling out a general 

cross-reactivity. 
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