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Abstract

Rift valley fever (RVF) is a mosquito-borne disease of animals and humans. Although RVF

outbreaks are usually reported at 5-15-year intervals in sub-Saharan Africa, Zambia has

experienced an unusually long inter-epizootic/-epidemic period of more than three decades.

However, serological evidence of RVF virus (RVFV) infection in domestic ruminants during

this period underscores the need for comprehensive investigation of the mechanisms of

virus perpetuation and disease emergence. Mosquitoes (n = 16,778) captured from eight of

the ten provinces of Zambia between April 2014 and May 2019 were pooled (n = 961) and

screened for RVFV genome by a pan-phlebo RT-PCR assay. Aedes mosquito pools (n =

85) were further screened by nested RT-PCR assay. Sera from sheep (n = 13), goats (n =

259) and wild ungulates (n = 285) were screened for RVFV antibodies by ELISA while

genome detection in pooled sera (n = 276) from domestic (n = 248) and wild ungulates (n =

37) was performed by real-time RT-PCR assay. To examine the association between the

long inter-epizootic period and climatic variables, we examined El Niño-Southern Oscillation

indices, precipitation anomalies, and normalized difference vegetation index. We then

derived RVF risk maps by exploring climatic variables that would favor emergence of pri-

mary RVFV vectors. While no RVFV genome could be detected in pooled mosquito and

serum samples, seroprevalence was significantly high (OR = 8.13, 95% CI [4.63–14.25]) in

wild ungulates (33.7%; 96/285) compared to domestic ruminants (5.6%; 16/272). Retro-

spective analysis of RVF epizootics in Zambia showed a positive correlation between anom-

alous precipitation (La Niña) and disease emergence. On risk mapping, whilst northern and
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eastern parts of the country were at high risk, domestic ruminant population density was low

(< 21 animals/km2) in these areas compared to low risk areas (>21 animals/km2). Besides

evidence of silent circulation of RVFV and the risk of disease emergence in some areas,

wildlife may play a role in the maintenance of RVFV in Zambia.

Author summary

Rift valley fever (RVF) is an important mosquito borne disease of humans and ruminants.

RVF is endemic in sub-Saharan Africa where disease outbreaks are frequently reported in

humans and animals. For RVF outbreaks to occur, there has to be presence of the host

(animals or humans) and favorable climatic conditions that favor emergence of RVF virus

vectors (mosquitoes). Understanding this complex interaction enables us to predict future

disease outbreaks and map RVF high risk areas. Above normal rainfall and floods will

usually trigger RVF outbreaks. In this study, we conducted surveillance for RVF in mos-

quitoes, domestic and wild ruminants. We then examined climatic conditions that may

have been responsible for past RVF outbreaks and the unusually (>30 years) long inter-

epizootic period. Finally, we derived RVF risk maps for Zambia using a combination of

climatic variables. We found evidence of RVF infection in both wild and domestic rumi-

nants while there was a positive correlation between past RVF outbreaks and above-nor-

mal rainfall. On risk mapping, we found favorable conditions (i.e. high rainfall and risk of

flooding) for RVF emergence in northern and eastern parts of the country. Studies like

this are important in planning surveillance and disease control programs.

Introduction

Rift Valley fever (RVF), caused by the RVF virus (RVFV; family Phenuiviridae, genus phlebo-
virus), is an emerging arthropod-borne zoonosis that is primarily transmitted to animals and

humans by mosquitoes [1,2]. RVF is listed by the World Organization for Animal Health and

is considered a priority disease by the World Health Organization [3]. RVFV is vectored by

over 53 species of mosquitoes from eight genera, although only Neomelaniconion and Aedi-
morphus mosquitoes are considered as primary vectors [4]. In ruminants, the disease presents

as generalized fever with widespread abortions while in humans, although usually self-limiting,

1% of all affected individuals develop hemorrhagic fever or encephalitis [5].

RVF was first reported in Kenya in 1931 following mortalities and abortions in sheep [1,6].

Since then, major epizootics/epidemics have been reported in a number of African countries

[7]. Usually, disease outbreaks occur at irregular intervals of 5–15 years in wet regions and 25

years in the drier areas [5,8]. Epizootics/epidemics are associated with periods of excessive

rainfall and persistent flooding of geomorphic depressions, also known as dambos in Africa.

Three-months of sustained above-normal rainfall has been reported to trigger RVF outbreaks

[9]. Floodwater-breeding Aedes mosquitoes (subgenera; Aedimorphus and Neomelaniconion)

are responsible for virus maintenance through transovarial transmission [10]. Aedimorphus
and Neomelaniconion mosquitoes lay eggs in the mud at the edges of dambos which may sur-

vive long periods of drought [11]. The flooding of dambos during periods of excessive or

anomalous rainfall results in the hatching and emergence of large numbers of infected Aedes
mosquitoes [5]. Initial transmission of RVFV to susceptible domestic and wild ruminants and

subsequent recruitment of ‘bridge’ mosquitoes (Culex, Anopheles etc.) results in sustained,

widespread infection. Conversely, during the inter-epizootic/-epidemic period when condi-

tions are not favorable, there is limited emergence of infected Aedine mosquitoes which results
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in restricted transmission of the virus to susceptible domestic and wild ruminants [12–15].

Due to the difficulties associated with identifying single or isolated cases of RVF in the inter-

epizootic/-epidemic period, there is usually ‘silent’ circulation of the virus where infected ani-

mals play an important role in pathogen survival through horizontal transmission [16].

Although the role of domestic ruminants in the epidemiology of RVF is well clarified, there

is limited information on the role wildlife play in the maintenance of RVFV during the inter-

epizootic/-epidemic period [2,17]. In Zambia, no studies have been conducted to clarify the

role of wildlife in the epidemiology of RVF. Reports from other African countries suggests that

wildlife might play an important role in the maintenance and transmission of RVFV

[2,7,12,13]. Historically, Zambia has experienced a number of RVF epizootics that have been

associated with fatal disease in humans [18,19]. The first case of RVF was reported in 1974 in

cattle and sheep from Central Province (Chisamba District) and subsequently in Southern

(Mazabuka District) and parts of the Copperbelt Province [20]. In 1976 and 1978, there was

recurrence of the disease in Chisamba District [20] followed by another outbreak in 1985 in

the same area and Mazabuka District [21,22]. Even though no further outbreaks have been

reported since then, subsequent serosurveillance studies intimate presence of, and ‘silent’ cir-

culation of the RVFV in domestic ruminants in Zambia [20–29].

While the reasons for the unusually long inter-epizootic/-epidemic period are largely specu-

lative, emergence of RVF in South Africa, Tanzania and Kenya was linked to increased rainfall

and vegetation density [9,10,30]. In Zambia (Central Province; Mumbwa District), Davies

et al., [27] found a positive correlation between increased vegetation and RVFV seropositivity

in cattle. In recent years, a number of climate variables have been proposed as predictors for

RVF emergence [4,9,10,31]. The El Niño/Southern Oscillation (ENSO) phenomenon, a varia-

tion in sea surface temperature (SST) and atmospheric pressure (Southern Oscillation) across

the equatorial Pacific Ocean influences global inter-annual climate variability through the so-

called ‘teleconnections’ [32,33]. El Niño (La Niña) is characterized by a five consecutive

3-months running mean of SST anomalies in the equatorial eastern-central Pacific Ocean

(Niño 3.4) region that are above +0.5˚C (-0.5˚C). El Niño (La Niña) reduces (increases) precip-

itation over the south-eastern Africa, while increasing (decreasing) precipitation over the

northeastern tropical region [34–36]. ENSO indices i.e., Southern Oscillation Index (SOI),

NINO 3.4 SST and outgoing longwave radiation (OLR) are used to predict above normal rain-

fall and RVF emergence [9]. Positive SOI (> 1.0), OLR (> 1.0 w/m2) and negative NINO 3.4

SST (< -0.5) anomalies are associated with increased precipitation in Southern Africa [37].

Equally, measurement of vegetation greenness through satellite imaging, expressed as a nor-

malized difference vegetation index (NDVI), is used as a proxy for estimating precipitation.

NDVI values close to zero indicate bare soil, and high values indicate sparse to dense vegeta-

tion. Furthermore, during periods of excessive precipitation, increased soil moisture content

has been correlated with flooding of dambos and emergence of RVF epizootics [10,38].

In this study, we conducted surveillance for RVFV in mosquitoes, domestic and wild ungu-

lates in Zambia. We then examined climatic variables that were likely responsible for past RVF

outbreaks and the unusually long inter-epizootic/-epidemic period. Lastly, we derived RVF risk

maps by analyzing various climatic indices. We anticipate that this information will be useful

for planning and implementation of surveillance and disease control programs in Zambia.

Materials and methods

Ethics statement

The study was approved by the Ministry of Fisheries and Livestock, Government of the Repub-

lic of Zambia as part of the continued surveillance for zoonoses. Blood samples from free-
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ranging wildlife were obtained with permission (TJ/NPW/8/27/1) from the Department of

National Parks and Wildlife, under the Ministry of Tourism and Arts, Government of the

Republic of Zambia.

Study area

Zambia has a total landmass of approximately 752,614 km2 and is located in south-central

Africa between latitudes 8˚ and 18˚ south and longitudes 22˚ and 34˚ east. The climate is char-

acterized by three seasons; cool-dry season (May to August), hot-dry season (August to

November) and hot-wet season (November to April) [39]. The intertropical convergence zone

(ITCZ) of northeasterly and southeasterly trade winds, and ENSO influence the interannual

climate variability in Zambia and other sub-Saharan countries [40–43]. During the rainy sea-

son, the December-January-February (DJF) period accounts for over 80% of total precipitation

[44]. On the account of mean annual precipitation, Zambia is broadly divided into three agro-

ecological regions (Fig 1).

Region I is drier with a mean annual rainfall of less 800 mm, while region II receives

between 800 to 1000 mm of rain. Region III has a mean annual rainfall of 1000 to 1500 mm.

Mosquito samples

Mosquitoes (n = 1,553) were trapped in Mosi-oa-Tunya National Park in Southern Province

after the rainy season in May 2019 using the CO2-baited CDC light traps (John W. Hock Co.,

Gainesville, FL, USA). Traps were set at a height of approximately 1.5 meters (effective height)

from the ground for five consecutive nights (from 3PM to 10AM) at different locations near

water ponds and in abandoned buildings within the national park. Captured mosquitoes were

killed by freezing at -20˚C in a mobile freezer and later transferred to -80˚C until further

Fig 1. Agroecological regions and location of sample collection areas by district. Shapefile republished from DIVA-GIS database (https://www.

diva-gis.org/) under a CC BY license of Global Administrative Areas (GADM), copyright 2018.

https://doi.org/10.1371/journal.pntd.0010420.g001
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analysis. Mosquitoes were then sorted by sex and species on ice packs using morphological

referencing keys of African mosquitoes [45]. Further confirmation of some mosquito species

was achieved through PCR and sequencing of the cytochrome oxidase I (COI) gene [46].

Female mosquitoes were pooled (1~40) by species, and homogenized in minimum essential

medium supplemented with 2% foetal bovine serum as previously described [47]. The homog-

enate was clarified by centrifugation and RNA extracted from the supernatant using the

Direct-Zol RNA kit (Zymo Research, CA, USA) according to the manufacturer’s recommen-

dation. Additionally, archived RNA (n = 15,225) from mosquitoes previously captured in East-

ern, Copperbelt, Lusaka, Muchinga, Northern, North-Western, Southern, and Western

provinces between April 2014 and December 2018 [47–49] were also analyzed in this study. In

summary, a total of 16,778 mosquito samples from eight of the ten provinces (Fig 1) were

pooled (n = 961) and analyzed. Notably, due to various logistical challenges, mosquito sam-

pling could not be standardized across various regions.

Serum samples

A total of 635 blood samples were randomly collected from unvaccinated, apparently healthy

domestic ruminants in Southern (n = 335) and Western Province (n = 300) between August

2018 and May 2019 (Fig 1 and Table 1). Of these, 446 samples were collected from cattle while

189 were collected from sheep (n = 13) and goats (n = 176). In brief, blood was collected from

the jugular vein from each animal into plain tubes, allowed to clot, and serum was separated

by centrifugation at 1,500 x g for 5 minutes. Sera was stored at -80˚C until analysis. Addition-

ally, Stored sera (n = 740) collected from asymptomatic, unvaccinated domestic (n = 560) [50–

52] and wild ungulates (n = 180) [53,54] between December 2016 and June 2017 were analyzed

in this study (Fig 1 and Table 1). In total, 1,375 serum samples were used for subsequent analy-

sis. For RVFV genome detection, serum samples were pooled (~1/5; n = 276) by species and

geographical origin, and RNA was extracted using the QIAamp Viral RNA Mini Kit (Qiagen,

Hilden, Germany) according to manufacturer’s recommendation. For antibody detection, due

to resource limitation, individual serum samples (n = 557) collected from sheep (n = 13), goats

(n = 259) and wild ruminants (n = 285) in selected districts of Southern, North-Western and

Central Province were used for analysis (Fig 1).

Table 1. Composition of sera from domestic and wild ruminants used for RVFV genome detection.

Province District/Area Year Month Species No. Samples No. Pools

Southern Livingstone 2019 April Cattle 104 21

Livingstone 2019 April Goats 99 20

MNP 2017 August Buffaloes 30 6

Namwala 2018 May Cattle 132 26

North-Western Ikelenge 2016 December Buffalo 5 1

Central KNP 2017 June Impala 98 20

KNP 2017 June Hartebeest 29 6

KNP 2017 June Warthog 18 4

Eastern Chipata 2017 May Cattle 350 70

Lundazi 2018 May Cattle 210 42

Western Mongu 2018 August Cattle 210 42

Mongu 2018 August Goats 77 15

Mongu 2018 August Sheep 13 3

Total 1375 276

MNP., Mosi-oa-Tunya National Park; KNP., Kafue National Park

https://doi.org/10.1371/journal.pntd.0010420.t001
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RVFV antibody detection

Serologic analysis for RVFV antibodies was performed using the ID Screen Rift Valley Fever

Competition Multi-species ELISA assay (IDVet, Grabels, France) which is based on the recom-

binant nucleoprotein of RVFV. The ID screen RVF Competition Multi-species ELISA targets

both IgG and IgM.

RVFV genome detection

Mosquito samples. To detect RVFV in pooled mosquito samples (n = 961), we designed

Pan-Phlebo RT-PCR primers (i.e., sense primer-L-2779F CARCATGGWGGTYTDAGRGAR-

ATCTA and antisense Primer-L-3287R TGCARKATKCCYTGCATCATHCCWG) in primer3

software [55] that target the partial (~500 bp) L segment of phleboviruses. Screening for the

RVFV genome was carried out using the One Step PrimeScript RT-PCR kit (Takara, Shiga,

Japan) in a 15 μl reaction mix containing; 0.6 μl of Takara PrimeScript Enzyme Mix, 7.5 μl of

2X 1-step buffer, 1 μM of each of the forward and reverse primer, and 1 μl of RNA template.

The samples were incubated for 30 minutes at 50˚C and 2 minutes at 94˚C followed by amplifi-

cation of 43 cycles consisting of 30 seconds at 94˚C, 30 seconds at 52˚C and final extension at

72˚C for 5 minutes. The RT-PCR assay detection limit was 20 copies of RVFV RNA (S1 Fig).

Furthermore, as a consequence of the reported long term maintenance of RVFV in Aedine

mosquitoes [2], all Aedes mosquito pools (n = 85) negative for the RVFV genome on the Pan-

Phlebo RT-PCR assay were further screened using a sensitive nested RT-PCR targeting the

partial (~374 bp) M segment of the RVFV genome [56].

Serum samples. For pooled serum samples (n = 276; Table 1), the extracted RNA was

screened for the RVFV genome using the real-time RT-PCR assay [57] using the Luna Univer-

sal Probe One-Step RT-qPCR Kit (New England Biolabs, Ipswich, England).

Statistical analysis

Prevalence of RVFV antibodies was calculated in EpiTools epidemiological calculators [58]

using confidence limits for apparent prevalence and true prevalence estimates assuming an

imperfect test [59] with a reported test sensitivity and specificity of 100% [60]. Measures of

association were computed using epi.2by2 function of the package “epiR” version 2.0.33 [61].

Analysis of past RVF outbreaks

To assess conditions that may have been responsible for the emergence of past RVF outbreaks

in Chisamba, Mazabuka and Chingola districts in Zambia, we analyzed ENSO indices

retrieved from the National Oceanic and Atmospheric Administration (NOAA) National Cen-

ters for Environmental Information (https://www.ncdc.noaa.gov). We tracked the phase and

amplitude of SOI, OLR and Niño 3.4 anomalies for the period January 1, 1973 to December

31, 2019 as previously described [9,31]. Precipitation anomalies for the period January 1, 1981

to December 31, 2019 were obtained from the Climate Hazards Group InfraRed Precipitation

with Station (CHIRPS) data version 2 [62] while precipitation data prior to 1981 (1970–1980)

was obtained from the Climate Research Unit [63]. CHRIPS data with a resolution of 0.05˚ x

0.05˚ (~5.5 km) extends from 1981 to present while CRU data with a low resolution (0.5 x 0.5;

55 km) spans from 1901 to 2018 [63]. Furthermore, standardized precipitation-evaporation

index (SPEI) datasets (January 1, 1973 to December 31, 1990) for Chisamba, Mazabuka and

Chingola districts were retrieved from the Global SPEI database (https://spei.csic.es/database).

SPEI, a drought monitoring tool, is a derivative of precipitation and temperature in the form

of simple water balance [64].
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Mapping RVF risk areas

NDVI Maps. RVF risk maps were generated using previously described criteria [31,65–

68]. Briefly, RVF emergence is a result of the complex interaction of the host, vector and envi-

ronment. Increased RVF activity is triggered by persistent above-normal rainfall and floods

[9,27,31,65–67] which favor the breeding of transovarially infected Aedes neomelaniconion
and/or Aedimorphus mosquitoes [66]. Three months of sustained above normal rainfall and

increased NDVI are indicative of probable RVF outbreaks [66,69]. Thus, firstly, to assess sea-

sonal changes in potential mosquito breeding habitats in Zambia, we retrieved (United States

Geological Survey data hub; https://earthexplorer.usgs.gov) and calculated the 19-year (2000–

2019) mean NDVI (NDVI = [NIR-RED]/[NIR+Red]) in QGIS software (http://www.qgis.org)

at the beginning (November) and end (March) of the rainy season. NDVI data, MOD13A3,

used in the analysis are monthly 1-kilometer spatial resolution gridded level 3 products

acquired by the Terra Moderate Resolution Imaging Spectroradiometer (MODIS) satellite.

Secondly, we performed morphometric characterization of watersheds in QGIS (http://

www.qgis.org) using void filled Shuttle Radar Topographic Mission (SRTM) Digital Elevation

Model (DEM) data (https://earthexplorer.usgs.gov) with a spatial ground resolution of 30 m (1

arc-second). A 2 km watershed buffer representing probable catchment area was used to calcu-

late riparian NDVI. Areas with dense vegetation representing probable mosquito breeding

habitats were then calculated from the riparian NDVI.

Mean DJF precipitation and soil moisture content. To asses DJF precipitation patterns

and areas with high likelihood of flooding, Tropical Rainfall Measuring Mission (TRMM) and

Multi-Satellite Precipitation Analysis monthly gridded, (0.25˚ x 0.25˚; ~ 25 km) 3B43 (version

7) products were used to estimate time-averaged (1998–2020) DJF precipitation over Zambia

using Giovanni webtool (https://giovanni.gsfc.nasa.gov.) TRMM 3B43 monthly products are a

derivative of the 3B42 hourly datasets created using TRMM-adjusted microwave-infrared pre-

cipitation rate (mm/hour) and root mean square precipitation-error estimates (https://disc.

gsfc.nasa.gov). Additionally, National Aeronautics Space Association (NASA) Goddard Earth

Science and Information Services Centre (GES DISC) Global Land Data Assimilation System

(GLDAS) of 0.25˚ spatial resolution, which uses satellite and ground-based observations to

generate flux data [70], was used to determine the mean (2000–2020) DJF soil moisture con-

tent in the near surface soil layer (0–10 cm) for Zambia. GLDAS version 2.1 soil moisture

products, forced with a combination of model and observation data were processed in Gio-

vanni (https://giovanni.gsfc.nasa.gov) and QGIS software.

Ruminant population density, serosurveillance data and RVF risk mapping. Domestic

ruminant (i.e., cattle, goats, and sheep) population density (animals/km2) by district were cal-

culated in QGIS software using the 2017/18 Livestock and Aquaculture Census Data provided

by the Department of Veterinary Services in the Ministry of Fisheries and Livestock, Govern-

ment of the Republic of Zambia. Furthermore, historic RVF outbreaks [19,21,28], past [20,22–

28] and present serosurveillance data were modelled to the risk map.

Detection of permanent and ephemeral waterbodies (Dambos)

To detect permanent and/or ephemeral water bodies that would potentially serve as breeding

grounds for Aedimorphus and Neomelaniconion mosquitoes in Zambia, we analyzed Coperni-

cus sentinel-1 datasets in interferometric wide swath (IW) acquisition mode and ground range

detected (GRD) format for two selected areas in Monze and Chililabombwe districts. Monze

District was selected as a representative district in a low rainfall (800–1000 mm; Region II)

area with the highest domestic ruminant population density while Chililabombwe District was

selected based on its location in a high rainfall (> 1000 mm; Region III) zone with a relatively
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high ruminant population density. Sentinel-1 data sets (2017 to 2020) at the beginning (Octo-

ber) and end (March) of the rain season were acquired from the European space association

(ESA) data hub (https://scihub.copernicus.eu) and preprocessed using the Sentinel Applica-

tion Platform (SNAP; https://step.esa.int) and QGIS software as previously described [71,72].

Initially, we applied a precise orbit state vector and removed thermal noise to reduce noise

effects in the inter-sub-swath texture and normalize backscatter signal. Next, border noise was

removed to eliminate radiometric artefacts and radiometric calibration was applied to convert

digital pixel values to backscatter coefficient sigma nought. Range doppler terrain correction

using SRTM 30 m (1 arc-second) resolution dataset was employed to compensate for distor-

tions related to side-looking geometry. The backscatter coefficient was then logarithmically

transformed to decibels (dB) and raster calculations were then performed in SNAP and QGIS

software. A split-based global thresholding technique was used to construct a bimodal histo-

gram [73]. Water body delineation was conducted as previously described [73,74].

Results

Diversity and distribution of captured mosquitoes

A total of 16,778 mosquitoes belonging to seven genera were captured from eight of the 10

provinces of Zambia (Tables 2 and S1). Culex (73.9%) was the most abundant species caught

during the surveillance period. Western (50.2%) and Southern (30.3%) provinces accounted

for most (80.5%) of the mosquitoes captured while the rest were captured in Lusaka (11.7%),

Northern (2.3%), Muchinga (1.6%), Eastern (1.8%), Copperbelt (1.8%) and North-Western

(0.3%) provinces. Species diversity, calculated using the Simpsons diversity index [75], was

0.43.

Varying numbers of Aedes mosquitoes were captured in seven of the eight provinces

(Tables 3 and S1). Southern Province accounted for 73.8% (251/340) of all Aedes mosquitoes

while the rest were caught in Western (12.6%; 43/340), Lusaka (6.8%; 23/340), Northern (5.3%;

18/340), Muchinga (1.8%; 6/340), North-Western (1.2%; 4/340), and Eastern (0.3%; 1/340)

provinces. No Aedes mosquitoes were captured on the Copperbelt Province. Furthermore,

only 9.4% (32/340) of the Aedes mosquitoes were classified as primary RVF vectors of the Neo-
melaniconion (Aedes mcintoshi; n = 31) and Aedimorphus (Aedes ochraceus; n = 1) subgenus

(Table 3). The rest were Stegomyia (84.1%; 286/340), Fredwardsius (0.59%; 2/340) and uniden-

tified Aedes species (6.2%; 21/340). Aedes mcintoshi (Neomelaniconion) and Aedes ochraceus
(Aedimorphus) were caught in Western (December and May) and Southern (December) prov-

inces, respectively.

Table 2. Composition of mosquito species collected during the study period.

Genus No. of Mosquitoes No. of Pools Screened Percent of Total (%)

Aedeomya 14 6 0.08

Uranotaenia 14 6 0.08

Aedes 346 85 2.02

Coquillettidia 524 60 3.12

Mansonia 905 58 5.40

Anopheles 2583 176 15.40

Culex 12392 570 73.86

Total 16778 961 100

https://doi.org/10.1371/journal.pntd.0010420.t002
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RVFV seroprevalence and genome detection

Antibodies (IgM and IgG) to RVFV were detected in 20.1% (112/557) of domestic and wild

ruminants tested by ELISA (Table 4). The overall seroprevalence was 20.1% (95% CI [17.0–

23.6]), although this was significantly high (OR = 8.13, 95% CI [4.63–14.25]) in wildlife

(33.7%; 96/285) compared to domestic ruminants (5.9%; 16/272). The seroprevalence in buffa-

loes from Southern Province was significantly high (50%) compared to that in buffaloes from

Central (35.3%, OR = 7.62, 95% CI [2.73–21.30]) and North-Western (24.1%; OR = 3.14 95%

CI [1.03–9.55]) Province. Seroprevalence in Impala from Kafue National Park in Central Prov-

ince was similar to that in hartebeest (46.9% Vs 43.9%), however, this was significantly low

Table 3. Primary and secondary RVF vectors captured by province in Zambia.

Province Primary vector Secondary vector

Aedes
mcintoshi

Aedes
ochraceus

Aedes
aegypti

Aedes
vittatus

Aedes† Aedeomya Uranotaenia Coquillettidia Mansonia Anopheles Culex Total

Southern 0 1 234 1 15 2 0 0 78 124 4619 5074

Western 31 0 11 0 1 12 7 417 823 2425 4696 8423

Eastern 0 0 1 0 0 0 0 0 0 0 307 308

Northern 0 0 10 0 8 0 0 0 1 3 367 389

North-

Western

0 0 3 1 0 0 2 0 0 3 40 49

Lusaka 0 0 23 0 0 0 0 0 2 2 1939 1966

Muchinga 0 0 6 0 0 0 5 107 1 26 130 275

Copperbelt 0 0 0 0 0 0 0 0 0 0 294 294

Total 31 1 288 2 24 14 14 524 905 2,583 12,392 16,778

†Unidentified Aedes species

https://doi.org/10.1371/journal.pntd.0010420.t003

Table 4. RVF seroprevalence in wild and domestic ruminants from Zambia.

Species Province District Year Season No. Samples Prevalence†

Buffalo Central Kabwe 2018 Dry 17 6 (35.3, 17.3–58.7)

Central KNP 2018 Dry 52 2 (3.9, 1.1–13.0)

North-Western Ikelenge 2016 Wet 29 7 (24.1, 12.2–42.1)

Southern MNP 2017 Dry 30 15 (50, 33.2–66.9)

Impala Central KNP 2017 Dry 98 46 (46.9, 37.4–56.8)

Warthog Central KNP 2017 Dry 18 2 (11.1, 3.1–32.8)

Hartebeest Central KNP 2017 Dry 41 18 (43.9, 29.9–59.0)

Sub-totala 285 96 (33.7, 28.5–39.4)

Goats Southern Namwala 2018 Dry 84 4 (4.8, 1.9–11.6)

Southern Livingstone 2018 Dry 24 1 (4.2, 0.7–20.2)

Southern Kalomo 2018 Dry 88 0/88

Sheep Southern Namwala 2018 Dry 13 0/13

Goats Central Mumbwa 2018 Dry 63 11 (17.5, 10.0–28.6)

Sub-totalb 272 16 (5.9, 3.7–9.3)

Total 557 112 (20.1, 17.0–23.6)

†Positive (%, 95% CI); %, percent; CI, confidence interval
aWildlife sub-total
bDomestic ruminants sub-total; KNP, Kafue National Park; MNP, Mosi-oa-Tunya National Park

https://doi.org/10.1371/journal.pntd.0010420.t004
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(11.1%; OR = 7.08, 95% CI [1.54–32.44]) in warthogs from the same area. In contrast to wild

ruminants, seroprevalence was relatively low in sheep and goats from Namwala (4.8%; 95% CI

[1.9–11.6]), Livingstone (4.2%; 95% CI [0.7–20.2]) and Mumbwa (17.5%; 95% CI, [10.0–28.6])

districts. No antibodies to RVFV were detected in goats and sheep from Kalomo and Namwala

districts. Screening for RVFV genome in pooled mosquito (Table 2) samples did not yield pos-

itive results on Pan-Phlebo RT-PCR assay while all Aedes mosquito pools were negative for the

RVFV genome on nested RT-PCR assay. Similarly, no RVFV genome could be detected in

serum (n = 276; Table 1) samples on real-time RT-PCR assay [57].

Past RVF outbreaks and La Niña events

There was a positive correlation between past RVF outbreaks (1974, 1976, 1985) and La Niña

episodes, indicated by negative (< -0.5) 3-month running mean Niño 3.4 SST anomaly (Fig

2A). Similarly, positive SOI (> 1.0; Fig 2B) and OLR (> 1.0 W/m2; Fig 2C) anomalies were

indicative of La Niña conditions prevailing in the equatorial Pacific Ocean. However, Niño 3.4

SST anomaly for 1978 was suggestive of neutral ENSO phase. Furthermore, precipitation

anomalies for the period 1981–2019 indicated periods of anomalous wet conditions (1989,

1997, 2004, 2006, 2007, 2017; rainfall anomaly index (RAI) > 1) in the absence of RVF out-

breaks (Fig 2D).

Likewise, analysis of DJF precipitation for Chisamba, Mazabuka, and Chingola districts

showed three-months consecutive rainfall in excess of 500 mm during the 1974–1985 RVF

outbreaks (Fig 2A, 2D and 2G). Also, positive rainfall anomalies (RAI > 0) were recorded dur-

ing this period (Fig 2B, 2E and 2H), indicating normal to above normal rainfall. Time-series

analysis of SPEI datasets (January 1, 1973 to December 31st, 1990) indicated near normal

(-0.99–0.99) to extremely wet (> 2.00) conditions during RVF outbreaks. In Chisamba Dis-

trict, RVF outbreaks were indicated by moderately wet (1.00–1.49) to extremely wet conditions

Fig 2. El Niño-Southern Oscillation indices. (A) Equatorial pacific (Niño 3.4) sea surface temperature anomalies (1973–2019). (B)

Southern Oscillation Index (SOI) anomalies (1973–2019). (C) Outgoing long wave radiation anomalies (1974–2019). (D) Precipitation

anomalies for Zambia (1981–2019) indicating wet (0–2) to extremely wet (>2) conditions.

https://doi.org/10.1371/journal.pntd.0010420.g002
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(> 2.00; Fig 3C). RVF outbreaks in Mazabuka (Fig 3F) and Chingola (Fig 3I) in 1974 were

associated with extremely wet conditions (> 2.00) while the 1985 outbreak in Mazabuka was

characterized by near normal conditions (-0.99–0.99).

RVF risk Map

Mean NDVI. Satellite derived mean NDVI (2000–2019) showed spatiotemporal varia-

tions in vegetation greenness (Fig 4A and 4B). Increased vegetation response to precipitation

was evident from November (Fig 4A–4C) through March (Fig 4B–4D). At the end of the rainy

season in March, anomalous vegetation growth (NDVI > 0.76) was evident in much of north-

western, northern and eastern parts of the country (Fig 4B–4D), however, the rest of the areas

had sparse (NDVI < 0.76) vegetation cover (Fig 4B–4D).

Similar to what we observed on mean NDVI (Fig 4), riparian NDVI showed increased vege-

tation response to precipitation from the dry (Fig 5A–5C) to wet (Fig 5B–5D) season in catch-

ment areas in north-western, northern and eastern parts of the country.

DJF precipitation and flood-prone areas. Mean DJF precipitation (1998–2019) showed

high rainfall (> 700 mm) in north-western, northern and eastern parts of the country (Fig

6A). Highest DJF precipitation (> 850 mm) was observed in north-western and northern

parts of the country. However, much of the southern, western and eastern parts of the country

recorded low (< 700 mm) DJF rainfall. Equally, we noted a positive correlation between the

spatial variations in DJF precipitation and increased riparian NDVI (Fig 6C). Areas with dense

Fig 3. December-January-February (DJF) precipitation, rainfall anomaly index (RAI) and Standardized precipitation

evapotranspiration index (SPEI) time-series analysis. (A,D,G) December-January-February precipitation during RVF outbreaks. (B,E,H)

Rainfall anomaly Index indicating positive rainfall anomalies during RVF outbreaks. (C,F,I) Standardized precipitation evapotranspiration

index (1973–1990) showing near normal, (-0.99–0.99), very wet (1.50–1.99) and extremely wet (>2.0) conditions during RVF outbreaks.

https://doi.org/10.1371/journal.pntd.0010420.g003
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vegetation (NDVI > 0.76) recorded a high (> 700 mm) DJF precipitation. Furthermore, high

DJF soil moisture (> 112.5 kg/m2) was observed in north-western, eastern and southern parts

of the country (Fig 6B). Similarly, there was a positive correlation between high DJF soil mois-

ture content and increased riparian vegetation (Fig 6D). The high DJF soil moisture content

was indicative of likelihood of flooding in these areas.

Animal population density and RVF risk mapping. Population density for cattle, sheep

and goats were combined to produce a single population density map for domestic ruminants

(Fig 7A). Ruminant population was variable among districts. High ruminant population den-

sity (>21 animals/km2) was concentrated in the southern and eastern parts of the country.

Nonetheless, these areas had poor DJF precipitation (< 700 mm; Fig 6C) while the soil

Fig 4. Mean normalized difference vegetation index (NDVI) for November and March. NDVI were computed as

means for the period 2000–2019. (A & C) NDVI for November at the onset of the rainy season. (B & D) NDVI for

March at the end of the rainy season showing anomalous (NDVI> 0.76) vegetation growth. Shapefile republished from

DIVA-GIS database (https://www.diva-gis.org/) under a CC BY license of Global Administrative Areas (GADM),

copyright 2018.

https://doi.org/10.1371/journal.pntd.0010420.g004
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moisture content (< 95 kg/m2; Fig 6D) was suggestive of low likelihood of flooding. Besides

Chingola and Chililabombwe districts on the Copperbelt Province, there was a negative corre-

lation between domestic ruminant population density, DJF rainfall and soil moisture content.

Intriguingly, analysis of serosurveillance data from this and other studies indicated presence of

RVFV antibodies in both low and high rainfall areas (Fig 7B), intimating presence of primary

and secondary RVFV vectors. However, since RVF emergence is triggered by excessive rainfall

and floods which result in the emergence of Aedes Neomelaniconion and Aedimorphus mos-

quitoes species [10,11], RVF high risk areas correspond to high rainfall and floods prone

regions, which were also indicated by anomalous riparian vegetation growth at the end of the

rain season in March (Fig 6C and 6D). Thus, by utilizing a combination of riparian

NDVI > 0.76, mean DJF precipitation and soil moisture content, we mapped RVF risk areas

Fig 5. Riparian mean normalized difference vegetation index (NDVI) for the November and March. NDVI were

calculated as means for the period 2000–2019. (A) Riparian NDVI for November. (B) Riparian NDVI for March. (C)

Riparian NDVI> 0.76 for November showing RVF high risk areas. (D) Riparian NDVI> 0.76 for March showing

RVF high risk areas. Shapefile republished from DIVA-GIS database (https://www.diva-gis.org/) under a CC BY

license of Global Administrative Areas (GADM), copyright 2018.

https://doi.org/10.1371/journal.pntd.0010420.g005
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during the dry (Fig 7C) and wet (Fig 7D) seasons in Zambia. The northern, north-western and

eastern parts of the country were at high risk of RVF outbreaks although the domestic rumi-

nant population density was low in these areas (Fig 7D). Conversely, despite the high ruminant

population density, the southern parts of the country were at low risk of RVF emergence

(Fig 7D).

Probable mosquito breeding habitats. To account for the observed RVFV activity in

both high and low risk areas (Fig 7D), we utilized sentinel-1 GRD datasets to detect permanent

and ephemeral water bodies in Chililabombwe (high risk area; Copperbelt Province) and

Monze (Low risk area; Southern Province) districts (Figs 8 and S2). Temporal variations in the

water bodies were observed between the dry and wet seasons. Permanent waterbodies per-

sisted throughout the dry season in both districts, while ephemeral water bodies were evident

only in the rainy season. In Chililabombwe district, waterbodies were mainly seasonal

Fig 6. December-January-February (DJF) precipitation and soil moisture content. DJF precipitation and soil

moisture content were computed as means with respect to the 1998–2019 and 2000–2019 climatological means,

respectively. (A) Mean DJF precipitation showing high rainfall variability. (B) Mean DJF soil moisture content

indicating areas that are at high risk of floods during seasons of above normal rainfall. (C) Correlation between

increased riparian NDVI and mean DJF precipitation. (D) Correlation between increased riparian NDVI and mean

DJF soil moisture content. Shapefile republished from DIVA-GIS database (https://www.diva-gis.org/) under a CC BY

license of Global Administrative Areas (GADM), copyright 2018.

https://doi.org/10.1371/journal.pntd.0010420.g006
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wetlands in dried river beds (Fig 8A and 8B), while in Monze district, they consisted mainly of

seasonal and permanent dams in dried riverbeds (Fig 8C and 8D).

Discussion

In contrast to secondary ‘bridge’ mosquitoes captured in Zambia (n = 16,747) during the study

period (2014–2019), only a limited number of Neomelaniconion (n = 31; Aedes mcintoshi) and

Fig 7. Ruminant population density and RVF risk map. (A) Domestic ruminant population density map. (B) Location of RVF

outbreaks, past and present seropositive results. (C & D) RVF high risk areas in at the onset (November) and end of the rain season

(March). Shapefile republished from DIVA-GIS database (https://www.diva-gis.org/) under a CC BY license of Global

Administrative Areas (GADM), copyright 2018.

https://doi.org/10.1371/journal.pntd.0010420.g007
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Aedimorphus (n = 1; Aedes ochraceus) mosquitoes were caught in Mongu and Livingstone dis-

tricts. While both districts were predicted to be at low risk of RVF outbreaks, the presence of

seasonally inundated wetlands in the upper Zambezi River Basin [76] in Mongu District and

the occurrence of dambos in Southern Province [77] (Fig 8C and 8D) could account for the

presence of Neomelaniconion and Aedimorphus mosquitoes. However, the limited number of

primary RVF vectors caught in both provinces during the wet season underscores the probable

low risk of RVF emergence. Distinctly, our analysis indicated poor DJF rainfall and less likeli-

hood of flooding (Fig 6A and 6B) in Southern and Western provinces. Nonetheless, the pres-

ence of secondary ‘bridge’ mosquitoes and the detection of RVFV seropositive animals in this

and other studies [25,29] necessitates further investigation into the mechanisms of virus per-

petuation and disease emergence in areas classified as ‘low risk’.

The absence of primary RVF vectors in high risk areas (Fig 7D), particularly in the north-

western and northern parts of the country could be attributed to the fact that sampling was

conducted only once at the onset (November) of the rainy season (S1 Table). Evidently, we

observed seasonal variations in waterbodies in Chililabombwe District on the Copperbelt

Province (Fig 8A and 8B). The reduction in volume of permanent water bodies and complete

drying of ephemeral water bodies (Fig 8A and 8B) prior to the onset of the rainy season could

be the likely reason for the lack of primary RVF vectors during the sampling period. Moreover,

Fig 8. Permanent and ephemeral water bodies in Chililabombwe and Monze districts. Waterbodies were mapped as cumulative

totals for March and October for the period 2017–2020. (A & B) Dambos in the Wet (March) and Dry Season (October) in

Chililabombwe District on the Copperbelt Province. (C & D) Dambos in the wet (March) and dry (October) season in Monze

District in Southern Province. Black and Blue arrows indicate permanent and ephemeral water bodies, respectively. Base map

republished from OpenStreetMap (https://www.openstreetmap.org/copyright) under a CC BY license.

https://doi.org/10.1371/journal.pntd.0010420.g008
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our analysis (Figs 6C, 6B and 7A) suggested that the ideal breeding period for primary RVF

vectors was following sustained DJF rainfall (Fig 5D). Additionally, this and another previous

study [25] demonstrated presence of RVFV antibodies in north-western and northern parts of

the country, intimating likely presence of primary and secondary RVFV vectors in ‘high risk’

areas. To further clarify the presence of primary RVFV vectors and the risk of RVF emergence,

more studies will need to be conducted in high risk areas particularly during the DJF period.

Even though it is widely reported that the RVFV is maintained via vertical transmission in

Neomelaniconion and Aedimorphus mosquitoes, we could not detect RVFV genome in any

Aedine mosquito samples. Whether this was due to the limited number of mosquitoes being

screened or the lack of RVFV activity during the study period remains to be known. Even so,

the high detection rate of RVFV seropositive animals during the inter-epizootic period along

with the low detection rate in mosquitoes supports the hypothesis that horizontal, unlike verti-

cal transmission, is important in pathogen maintenance [2]. Similarly, no RVFV genome

could be detected in sera from wild and domestic ruminants. This finding was suggestive of

lack of active infection or low virus activity during the interepizootic period. In a similar study

in Tanzania [78], no RVFV genome could be detected in cattle during the interepizootic

period. The low detection rate of RVFV during the interepizootic period is likely due to tran-

sient viraemia (< 7 days) in infected animals [79,80].

While there would be a potential for sampling bias, seroprevalence to RVFV antibodies was

significantly high in wild ruminants compared to sheep and goats (33.3% vs 5.9%). Variations

in seroprevalence rates in domestic and wild ruminants have been reported elsewhere in Africa

[13]. In Southern Province, a perceived low risk area, seroprevalence was high (50.0%) in buf-

faloes from Mosi-oa-Tunya National park (Fig 1) compared to that in buffaloes from North

Western Province (24.1%), a supposedly high risk area. Even though the reasons for this obser-

vation are not clear, the high number of secondary RVFV vectors caught in Southern Province

during the study period (2014–2019) suggests potential for wide-spread RVFV infection.

Intriguingly, we detected anti-RVFV antibodies in warthogs (11.1%; 2/18) and hartebeest

(43.9%; 18/41) from Kafue National Park (Fig 1). RVFV antibodies have been previously

reported in warthogs [67,81–83], however, there is limited information on the susceptibility of

hartebeest to RVFV infection [84,85]. These findings highlight the probable wide host range of

RVFV in Zambia and other sub-Saharan countries. Notably, due to the limited number of

wildlife samples analyzed in this study (n = 285), the role of wildlife in the maintenance and

transmission of RVFV in Zambia requires further clarification. Besides, there is no informa-

tion linking wildlife, domestic ruminants, humans and mosquito vectors in the epidemiology

of RVF in Zambia. Thus, more epidemiological studies are needed, particularly, at the wildlife-

livestock-human interface areas in Zambia.

Analysis of past RVF outbreaks revealed a positive correlation between disease outbreaks

and La Niña episodes, indicated by ENSO indices. The absence of RVF epizootics during some

periods (Fig 2D; 1997, 2004, 2006, 2007, 2017) of anomalous rainfall (RAI > 1) is possibly due

to the unique distribution of domestic ruminants in Zambia (Fig 7A). Notably, areas that were

predicted to be at high risk of RVF epizootics had low ruminant population density while low

risk areas had high ruminant population density (Fig 7D). In spite of this, the detection of

RVF seropositive animals in both low and high risk areas (Fig 7D) requires further clarification

on the transmission dynamics and mechanisms of virus perpetuation in the two ecological

niches.

While this study raises important epidemiological aspects of RVF in Zambia, a number of

limitations associated with the study can be improved upon in future. The limited number of

serum samples collected during the study period and subsequent use of archived sera may

have been a source of potential bias. Also, mosquito sampling was not uniform across regions,

PLOS NEGLECTED TROPICAL DISEASES Inter-epizootic surveillance for Rift valley fever in Zambia

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010420 June 2, 2022 17 / 22

https://doi.org/10.1371/journal.pntd.0010420


mainly due to poor accessibility of some areas during the rainy season. Analysis of past RVF

outbreaks was solely based on ENSO indices, however, the influence of the ITCZ in the north-

ern parts of the country was not taken into account.

In conclusion, even though RVF epizootics/-epidemics were last reported in 1985 in Zam-

bia, our study suggests presence of, and enzootic circulation of RVFV in domestic and wild

ruminants. This finding raises the potential for RVF emergence, particularly, in flood-prone,

high rainfall areas in Zambia. We anticipate that this information will be used in planning sur-

veillance and disease control programs in Zambia.

Supporting information

S1 Table. Number and composition of mosquitoes captured in Zambia between 2014 and

2019.

(DOCX)

S1 Fig. Detection of RVFV genome using Pan-Phlebo RT-PCR primers on 1.5% agarose

gel. M, 100 bp DNA Marker; Yellow arrow, 500/517 bp mark; Lanes 1 (105); 2 (104); 3 (103); 4

(102); 5 (30); 6 (20); and 7 (10) represent RVFV genome L-segment copy number. Lane 8 was

no template control.

(EPS)

S2 Fig. Location of Chililabombwe and Monze districts in Zambia. Shapefile republished

from DIVA-GIS database (https://www.diva-gis.org/) under a CC BY license of Global

Administrative Areas (GADM), copyright 2018.

(EPS)

Author Contributions

Conceptualization: Herman M. Chambaro, Hirofumi Sawa, Yasuko Orba.

Formal analysis: Herman M. Chambaro, Brigadier Libanda, Hirofumi Sawa, Yasuko Orba.

Funding acquisition: Paul Fandamu, Hirofumi Sawa, Yasuko Orba.

Investigation: Herman M. Chambaro, Yona Sinkala, Walter Muleya, Fredrick Banda, Joseph

Chizimu, David Squarre, Misheck Shawa, Yongjin Qiu, Hayato Harima, Yuki Eshita, Hiro-

fumi Sawa, Yasuko Orba.

Methodology: Herman M. Chambaro, Kazuyo Hirose, Michihito Sasaki, Hirofumi Sawa,

Yasuko Orba.

Project administration: Hirofumi Sawa, Yasuko Orba.

Resources: Hirofumi Sawa, Yasuko Orba.

Supervision: Michihito Sasaki, Edgar Simulundu, Hirofumi Sawa, Yasuko Orba.

Writing – original draft: Herman M. Chambaro.

Writing – review & editing: Herman M. Chambaro, Kazuyo Hirose, Michihito Sasaki, Edgar

Simulundu, Hirofumi Sawa, Yasuko Orba.

References
1. Daubney R, Hudson JR. Enzootic Hepatitis or Rift Valley Fever. An Un-described Virus Disease of

Sheep, Cattle and Man from East Africa. J Pathol Bacteriol. 1931; 34: 545–579.

PLOS NEGLECTED TROPICAL DISEASES Inter-epizootic surveillance for Rift valley fever in Zambia

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010420 June 2, 2022 18 / 22

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010420.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010420.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010420.s003
https://www.diva-gis.org/
https://doi.org/10.1371/journal.pntd.0010420


2. Lumley S, Horton DL, Hernandez-Triana LLM, Johnson N, Fooks AR, Hewson R. Rift Valley fever virus:

strategies for maintenance, survival and vertical transmission in mosquitoes. J Gen Virol. 2017; 98:

875–887. https://doi.org/10.1099/jgv.0.000765 PMID: 28555542

3. (WHO) WHO. Blueprint for R&D preparedness and response to public health emergencies due to highly

infectious pathogens. Funding & coordination models for preparedness and response. Geneva: WHO;

2016.

4. Linthicum KJ, Britch SC, Anyamba A. Rift Valley Fever: An Emerging Mosquito-Borne Disease. Annu

Rev Entomol. 2016; 61: 395–415. https://doi.org/10.1146/annurev-ento-010715-023819 PMID:

26982443

5. Gerdes GH. Rift Valley fever. Rev Sci Tech. 2004; 23: 613–623. https://doi.org/10.20506/rst.23.2.1500

PMID: 15702723

6. Daubney R, Hudson JR. Rift Valley Fever. East Afr Med J. 1933; 10: 2–19.

7. Calkins CM, Scasta JD. Transboundary Animal Diseases (TADs) affecting domestic and wild African

ungulates: African swine fever, foot and mouth disease, Rift Valley fever (1996–2018). Res Vet Sci.

2020; 131: 69–77. https://doi.org/10.1016/j.rvsc.2020.04.001 PMID: 32311588

8. Davies FG, Linthicum KJ, James AD. Rainfall and epizootic Rift Valley fever. Bull World Health Organ.

1985; 63: 941. PMID: 3879206

9. Anyamba A, Chretien J-P, Small J, Tucker CJ, Formenty PB, Richardson JH, et al. Prediction of a Rift

Valley fever outbreak. Proc Natl Acad Sci U S A. 2009; 106: 955–959. https://doi.org/10.1073/pnas.

0806490106 PMID: 19144928

10. Williams R, Malherbe J, Weepener H, Majiwa P, Swanepoel R. Anomalous High Rainfall and Soil Satu-

ration as Combined Risk Indicator of Rift Valley Fever Outbreaks, South Africa, 2008–2011. Emerg

Infect Dis. 2016; 22: 2054–2062. https://doi.org/10.3201/eid2212.151352 PMID: 27403563

11. Gargan TP 2nd, Jupp PG, Novak RJ. Panveld oviposition sites of floodwater Aedes mosquitoes and

attempts to detect transovarial transmission of Rift Valley fever virus in South Africa. Med Vet Entomol.

1988; 2: 231–236. https://doi.org/10.1111/j.1365-2915.1988.tb00189.x

12. van den Bergh C, Venter EH, Swanepoel R, Thompson PN. High seroconversion rate to Rift Valley

fever virus in cattle and goats in far northern KwaZulu-Natal, South Africa, in the absence of reported

outbreaks. PLoS Negl Trop Dis. 2019; 13: e0007296. https://doi.org/10.1371/journal.pntd.0007296

PMID: 31050673

13. Clark MHA, Warimwe GM, Di Nardo A, Lyons NA, Gubbins S. Systematic literature review of Rift Valley

fever virus seroprevalence in livestock, wildlife and humans in Africa from 1968 to 2016. PLoS Negl

Trop Dis. 2018; 12: e0006627. https://doi.org/10.1371/journal.pntd.0006627 PMID: 30036382

14. Lichoti JK, Kihara A, Oriko AA, Okutoyi LA, Wauna JO, Tchouassi DP, et al. Detection of rift valley

Fever virus interepidemic activity in some hotspot areas of kenya by sentinel animal surveillance, 2009–

2012. Vet Med Int. 2014; 2014: 379010. https://doi.org/10.1155/2014/379010 PMID: 25202470

15. Sumaye RD, Geubbels E, Mbeyela E, Berkvens D. Inter-epidemic transmission of Rift Valley fever in

livestock in the Kilombero River Valley, Tanzania: a cross-sectional survey. PLoS Negl Trop Dis. 2013;

7: e2356. https://doi.org/10.1371/journal.pntd.0002356 PMID: 23951376

16. Rissmann M, Stoek F, Pickin MJ, Groschup MH. Mechanisms of inter-epidemic maintenance of Rift Val-

ley fever phlebovirus. Antiviral Res. 2020; 174: 104692. https://doi.org/10.1016/j.antiviral.2019.104692

PMID: 31870761

17. Bird BH, McElroy AK. Rift Valley fever virus: Unanswered questions. Antiviral Res. 2016; 132: 274–280.

https://doi.org/10.1016/j.antiviral.2016.07.005 PMID: 27400990

18. Mubemba B, Mburu MM, Changula K, Muleya W, Moonga LC, Chambaro HM, et al. Current knowledge

of vector-borne zoonotic pathogens in Zambia: A clarion call to scaling-up “One Health” research in the

wake of emerging and re-emerging infectious diseases. PLoS Negl Trop Dis. 2022; 16: e0010193.

https://doi.org/10.1371/journal.pntd.0010193 PMID: 35120135

19. Watts TE, Tembo G, Ng’andu NH. Rift Valley fever in Chisamba, Zambia. Med J Zambia. 1984; 18: 10–

11. PMID: 6600051

20. Hussein NA, Snacken M, Moorhouse PDS, Moussa MI. A serological study of Rift Valley fever in Zam-

bia. Rev Sci Tech. 1985; 4: 325–330. https://doi.org/10.20506/rst.4.2.198 PMID: 32987989

21. Hussein NA, Chizyuka RZ, Ksiazek TG, Scott RM, Boulos BA. Epizootic of Rift Valley fever in Zambia,

1985. Vet Rec. 1987; 121: 111. https://doi.org/10.1136/vr.121.5.111 PMID: 2889285

22. Morita C. Prevalence of Rift Valley Fever in Lusaka and Mazabuka, Zambia. Zentralbl Veterinarmed B.

1988; 35: 157–160. https://doi.org/10.1111/j.1439-0450.1988.tb00482.x PMID: 3420987

23. Hasebe F, Sato T, Ulaya WD, Nyambe I, Morita C. Seroepidemiological survey on Rift Valley fever in

Zambia. Zentralbl Veterinarmed B. 1989; 36: 317–319. https://doi.org/10.1111/j.1439-0450.1989.

tb00608.x PMID: 2763763

PLOS NEGLECTED TROPICAL DISEASES Inter-epizootic surveillance for Rift valley fever in Zambia

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010420 June 2, 2022 19 / 22

https://doi.org/10.1099/jgv.0.000765
http://www.ncbi.nlm.nih.gov/pubmed/28555542
https://doi.org/10.1146/annurev-ento-010715-023819
http://www.ncbi.nlm.nih.gov/pubmed/26982443
https://doi.org/10.20506/rst.23.2.1500
http://www.ncbi.nlm.nih.gov/pubmed/15702723
https://doi.org/10.1016/j.rvsc.2020.04.001
http://www.ncbi.nlm.nih.gov/pubmed/32311588
http://www.ncbi.nlm.nih.gov/pubmed/3879206
https://doi.org/10.1073/pnas.0806490106
https://doi.org/10.1073/pnas.0806490106
http://www.ncbi.nlm.nih.gov/pubmed/19144928
https://doi.org/10.3201/eid2212.151352
http://www.ncbi.nlm.nih.gov/pubmed/27403563
https://doi.org/10.1111/j.1365-2915.1988.tb00189.x
https://doi.org/10.1371/journal.pntd.0007296
http://www.ncbi.nlm.nih.gov/pubmed/31050673
https://doi.org/10.1371/journal.pntd.0006627
http://www.ncbi.nlm.nih.gov/pubmed/30036382
https://doi.org/10.1155/2014/379010
http://www.ncbi.nlm.nih.gov/pubmed/25202470
https://doi.org/10.1371/journal.pntd.0002356
http://www.ncbi.nlm.nih.gov/pubmed/23951376
https://doi.org/10.1016/j.antiviral.2019.104692
http://www.ncbi.nlm.nih.gov/pubmed/31870761
https://doi.org/10.1016/j.antiviral.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27400990
https://doi.org/10.1371/journal.pntd.0010193
http://www.ncbi.nlm.nih.gov/pubmed/35120135
http://www.ncbi.nlm.nih.gov/pubmed/6600051
https://doi.org/10.20506/rst.4.2.198
http://www.ncbi.nlm.nih.gov/pubmed/32987989
https://doi.org/10.1136/vr.121.5.111
http://www.ncbi.nlm.nih.gov/pubmed/2889285
https://doi.org/10.1111/j.1439-0450.1988.tb00482.x
http://www.ncbi.nlm.nih.gov/pubmed/3420987
https://doi.org/10.1111/j.1439-0450.1989.tb00608.x
https://doi.org/10.1111/j.1439-0450.1989.tb00608.x
http://www.ncbi.nlm.nih.gov/pubmed/2763763
https://doi.org/10.1371/journal.pntd.0010420


24. Ghirotti M, Semproni G, De Meneghi D, Mungaba FN, Nannini D, Calzetta G, et al. Sero-prevalences of

selected cattle diseases in the Kafue flats of Zambia. Vet Res Commun. 1991; 15: 25–36. https://doi.

org/10.1007/BF00497787 PMID: 1646515

25. Samui KL, Inoue S, Mweene AS, Nambota AM, Mlangwa JE, Chilonda P, et al. Distribution of Rift Valley

fever among cattle in Zambia. Jpn J Med Sci Biol. 1997; 50: 73–77. https://doi.org/10.7883/yoken1952.

50.73 PMID: 9559442

26. Mweene AS, Pandey GS, Sinyangwe P, Nambota A, Samui K, Kida H. Viral diseases of livestock in

Zambia. Jpn J Vet Res. 1996; 44: 89–105. PMID: 8870389

27. Davies FG, Kilelu E, Linthicum KJ, Pegram RG. Patterns of Rift Valley fever activity in Zambia. Epide-

miol Infect. 1992; 108: 185–191. https://doi.org/10.1017/s0950268800049633 PMID: 1547835

28. Dautu G, Sindato C, Mweene AS, Samui KL, Roy P, Noad R, et al. Rift Valley fever: Real or perceived

threat for Zambia? Onderstepoort J Vet Res. 2012; 79: 94–99.

29. Saasa N, Kajihara M, Dautu G, Mori-Kajihara A, Fukushi S, Sinkala Y, et al. Expression of a Recombi-

nant Nucleocapsid Protein of Rift Valley Fever Virus in Vero Cells as an Immunofluorescence Antigen

and Its Use for Serosurveillance in Traditional Cattle Herds in Zambia. Vector Borne Zoonotic Dis.

2018; 18: 273–277. https://doi.org/10.1089/vbz.2017.2186 PMID: 29652643

30. Mweya CN, Mboera LEG, Kimera SI. Climate Influence on Emerging Risk Areas for Rift Valley Fever

Epidemics in Tanzania. Am J Trop Med Hyg. 2017; 97: 109–114. https://doi.org/10.4269/ajtmh.16-0444

PMID: 28719317

31. Linthicum KJ, Anyamba A, Tucker CJ, Kelley PW, Myers MF, Peters CJ. Climate and satellite indicators

to forecast Rift Valley fever epidemics in Kenya. Science. 1999; 285: 397–400. https://doi.org/10.1126/

science.285.5426.397 PMID: 10411500

32. Bjerknes J. Atmospheric teleconnections from the equatorial Pacific. Mon Wea Rev. 1969; 97: 163–

172.

33. Liu Z, Alexander M. Atmospheric bridge, oceanic tunnel, and global climatic teleconnections. Rev Geo-

phys. 2007; 45.

34. Hoell A, Funk C, Magadzire T, Zinke J, Husak G. El Niño–Southern Oscillation diversity and southern

Africa teleconnections during austral summer. Clim Dyn. 2015; 45: 1583–1599.

35. Tyson PD, Preston-Whyte RA. Weather and climate of southern Africa. Oxford University Press; 2000.

36. Meque A, Abiodun BJ. Simulating the link between ENSO and summer drought in Southern Africa

using regional climate models. Clim Dyn. 2015; 44: 1881–1900.

37. Mabaso MLH, Kleinschmidt I, Sharp B, Smith T. El Niño Southern Oscillation (ENSO) and annual

malaria incidence in Southern Africa. Trans R Soc Trop Med Hyg. 2007; 101: 326–330. https://doi.org/

10.1016/j.trstmh.2006.07.009 PMID: 17064744

38. Sinclair S, Pegram GGS. A comparison of ASCAT and modelled soil moisture over South Africa, using

TOPKAPI in land surface mode. Hydrol Earth Syst Sci. 2010; 14: 613–626.

39. Libanda B, Bwalya K, Nkolola NB, Chilekana N. Quantifying long-term variability of precipitation and

temperature over Zambia. J Atmos Solar-Terrestrial Phys. 2020; 198: 105201.

40. Reason CJC, Allan RJ, Lindesay JA, Ansell TJ. ENSO and climatic signals across the Indian Ocean

basin in the global context: Part I, Interannual composite patterns. Int J Climatol A J R Meteorol Soc.

2000; 20: 1285–1327.

41. Mwafulirwa ND. Climate variability and predictability in tropical southern Africa with a focus on dry spells

over Malawi. 1999.

42. Reason CJC, Landman W, Tennant W. Seasonal to decadal prediction of southern African climate and

its links with variability of the Atlantic Ocean. Bull Am Meteorol Soc. 2006; 87: 941–956.

43. Hachigonta S, Reason CJC, Tadross M. An analysis of onset date and rainy season duration over Zam-

bia. Theor Appl Climatol. 2008; 91: 229–243.

44. Brigadier L, Ogwang BA, Ongoma V, Ngonga C, Nyasa L. Diagnosis of the 2010 DJF flood over Zam-

bia. Nat Hazards. 2016; 81: 189–201.

45. Kent RJ. The Mosquitoes of Macha, Zambia. Johns Hopkins Malar Res Inst. 2006.

46. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for amplification of mitochondrial cyto-

chrome c oxidase subunit I from diverse metazoan invertebrates. Mol Mar Biol Biotechnol. 1994; 3:

294–299. PMID: 7881515

47. Orba Y, Hang’ombe BM, Mweene AS, Wada Y, Anindita PD, Phongphaew W, et al. First isolation of

West Nile virus in Zambia from mosquitoes. Transbound Emerg Dis. 2018; 65: 933–938. https://doi.org/

10.1111/tbed.12888 PMID: 29722174

PLOS NEGLECTED TROPICAL DISEASES Inter-epizootic surveillance for Rift valley fever in Zambia

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010420 June 2, 2022 20 / 22

https://doi.org/10.1007/BF00497787
https://doi.org/10.1007/BF00497787
http://www.ncbi.nlm.nih.gov/pubmed/1646515
https://doi.org/10.7883/yoken1952.50.73
https://doi.org/10.7883/yoken1952.50.73
http://www.ncbi.nlm.nih.gov/pubmed/9559442
http://www.ncbi.nlm.nih.gov/pubmed/8870389
https://doi.org/10.1017/s0950268800049633
http://www.ncbi.nlm.nih.gov/pubmed/1547835
https://doi.org/10.1089/vbz.2017.2186
http://www.ncbi.nlm.nih.gov/pubmed/29652643
https://doi.org/10.4269/ajtmh.16-0444
http://www.ncbi.nlm.nih.gov/pubmed/28719317
https://doi.org/10.1126/science.285.5426.397
https://doi.org/10.1126/science.285.5426.397
http://www.ncbi.nlm.nih.gov/pubmed/10411500
https://doi.org/10.1016/j.trstmh.2006.07.009
https://doi.org/10.1016/j.trstmh.2006.07.009
http://www.ncbi.nlm.nih.gov/pubmed/17064744
http://www.ncbi.nlm.nih.gov/pubmed/7881515
https://doi.org/10.1111/tbed.12888
https://doi.org/10.1111/tbed.12888
http://www.ncbi.nlm.nih.gov/pubmed/29722174
https://doi.org/10.1371/journal.pntd.0010420


48. Torii S, Orba Y, Hang’ombe BM, Mweene AS, Wada Y, Anindita PD, et al. Discovery of Mwinilunga

alphavirus: A novel alphavirus in Culex mosquitoes in Zambia. Virus Res. 2018; 250: 31–36. https://doi.

org/10.1016/j.virusres.2018.04.005 PMID: 29630910

49. Wastika CE, Harima H, Sasaki M, Hang’ombe BM, Eshita Y, Qiu Y, et al. Discoveries of Exoribonu-

clease-Resistant Structures of Insect-Specific Flaviviruses Isolated in Zambia. Viruses. 2020; 12: 1017.

https://doi.org/10.3390/v12091017 PMID: 32933075

50. Chambaro HM, Sasaki M, Simulundu E, Silwamba I, Sinkala Y, Gonzalez G, et al. Co-Circulation of

Multiple Serotypes of Bluetongue Virus in Zambia. Viruses. 2020; 12: 963. https://doi.org/10.3390/

v12090963 PMID: 32878170

51. Silwamba IK. Molecular identification of the bovine major histocompatibility complex I and II genes of a

bos taurus africanus (sanga) cattle breed of Zambia. The University of Zambia; 2019.

52. Phiri MM, Kaimoyo E, Changula K, Silwamba I, Chambaro HM, Kapila P, et al. Molecular detection and

characterization of genotype 1 bovine leukemia virus from beef cattle in the traditional sector in Zambia.

Arch Virol. 2019/07/12. 2019; 164: 2531–2536. https://doi.org/10.1007/s00705-019-04350-6 PMID:

31300890

53. Squarre D, Hayashida K, Gaithuma A, Chambaro H, Kawai N, Moonga L, et al. Diversity of trypano-

somes in wildlife of the Kafue ecosystem, Zambia. Int J Parasitol Parasites Wildl. 2020; 12. https://doi.

org/10.1016/j.ijppaw.2020.04.005 PMID: 32420023

54. Squarre D, Nakamura Y, Hayashida K, Kawai N, Chambaro H, Namangala B, et al. Investigation of the

piroplasm diversity circulating in wildlife and cattle of the greater Kafue ecosystem, Zambia. Parasit

Vectors. 2020; 13: 1–11.

55. Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist programmers. Bioinfor-

matics methods and protocols. Springer; 2000. pp. 365–386.

56. Ibrahim MS, Turell MJ, Knauert FK, Lofts RS. Detection of Rift Valley fever virus in mosquitoes by RT-

PCR. Mol Cell Probes. 1997; 11: 49–53. https://doi.org/10.1006/mcpr.1996.0075 PMID: 9076714

57. Bird BH, Bawiec DA, Ksiazek TG, Shoemaker TR, Nichol ST. Highly sensitive and broadly reactive

quantitative reverse transcription-PCR assay for high-throughput detection of Rift Valley fever virus. J

Clin Microbiol. 2007; 45: 3506–3513. https://doi.org/10.1128/JCM.00936-07 PMID: 17804663

58. Sergeant ESG. Epitools epidemiological calculators. Ausvet Pty Ltd. 2018.
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