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ABSTRACT Rift Valley fever virus (RVFV) is endemic in sub-Saharan Africa (SSA), with
outbreaks reported in the Arabian Peninsula and throughout SSA. The natural reservoir for
RVFV are ruminants, with livestock populations exceeding 50% exposure rates in some
areas of SSA. Transmission to humans can occur through exposure to infected livestock
products or multiple species of mosquito vectors. In 2013 and 2014, cross-sectional sur-
veys occurred in two districts of Nacala-a-Velha and Mecubúri in northern Mozambique,
and participants provided blood samples for later serological assays. IgG against the N
protein of RVFV was detected through multiplex bead assay (MBA). Of the 2,278 persons
enrolled between the two surveys and study sites, 181 (7.9%, 95% confidence interval
(CI): 6.9%-9.1%) were found to be IgG seropositive with increasing seroprevalence with
older age and significantly higher seroprevalence in Nacala-a-Velha (10.5%, 8.8%-12.5%)
versus Mecubúri (5.7%, 4.5%-7.1%). Seroprevalence estimates were not significantly dif-
ferent between the 2013 and 2014 surveys. Significant spatial clustering of IgG positive
persons were consistent among surveys and within the two districts, pointing toward
the consistency of serology data for making population-level assumptions regarding
RVFV seroprevalence. A subset of persons (n = 539) provided samples for both the 2013
and 2014 surveys, and a low percentage (0.81%) of these were found to seroconvert
between these two surveys. Including the RVFV N protein in an MBA antigen panel
could assist elucidate RVFV exposure in SSA.

IMPORTANCE Due to sporadic transmission, human contact with Rift Valley Fever Virus
(RVFV) is difficult to ascertain at a population level. Detection of antibodies against RVFV
antigens assist in estimating exposure as antibodies remain in the host long after the virus
has been cleared. In this study, we show that antibodies against RVFV N protein can be
detected from dried blood spot (DBS) samples being assayed by multiplex bead assay.
DBS from two districts in northern Mozambique were tested for IgG against the N pro-
tein, and 7.9% of all enrolled persons were seropositive. Older persons, males, and persons
residing closer to the coast had higher RVFV N protein seroprevalence. Spatial clustering of
IgG positive persons was noted in both districts. These results show low exposure rates to
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RVFV in these two northern districts in Mozambique, and the ability to perform serology for
the RVFV N protein from dried blood samples.

KEYWORDS Rift Valley fever virus, seroprevalence, Mozambique, serology, IgG, risk
factors, seroconversion

Rift Valley fever virus (RVFV) is a Phlebovirus within the order Bunyavirales, and while most
infections in humans are asymptomatic or present with mild symptoms, a small pro-

portion of infections can progress to hemorrhagic fever syndrome (1). RVFV is endemic in
sub-Saharan Africa (SSA), causing intermittent outbreaks of Rift valley fever (RVF) among
ruminants and humans (2, 3). Transmission of RVFV can occur through mosquito vectors,
primarily through Aedes spp. However, other genera have also been implicated in perpetuat-
ing transmission during the rainy season (4, 5). Additionally, physical contact with ruminants
or consumption of ruminant products (such as meat and raw milk) can serve as a source of
zoonotic transmission (6–8). Residing in proximity to ruminants has consistently been shown
as a risk factor for human exposure to RVFV (7, 9, 10). Since the mid-20th century, multiple out-
breaks have been identified in SSA and the Arabian peninsula, and, though typically confined
to a few hundred human cases or less, large incidences such as the 1977 Egypt and 2000
Arabian outbreaks have involved thousands of human cases and hundreds of deaths (11).

Serological data estimating RVFV exposure have been collected in both humans
and ruminants and have shown evidence for the presence of the virus in nearly all SSA
countries as well as in the Arabian Peninsula (2, 12). As outbreaks are infrequent and
infection often does not elicit treatment-seeking behavior, serological data provide an
objective indicator of historic exposure in humans or other mammals and can be used
to generate epidemiological estimates. Contemporary serological assays for RVFV have
utilized different antigenic targets, including: nucleocapsid protein (N) (13, 14), glyco-
protein (Gn) (15), non-structural proteins NSs and NSm (12), and complete virus par-
ticles (16, 17). Estimates within human populations are typically low for IgM or IgG anti-
body seropositivity and have rarely exceeded 10% (18, 19), except following an RVFV
outbreak (16). Seroprevalence among ruminants is generally higher and can exceed
50%, but is highly variable among species, location, and immunoassay utilization (20–
22).

This study investigated IgG seropositivity to RVFV N from persons residing in two
districts in northern Mozambique from two cross-sectional surveys conducted in 2013
and 2014. The recombinant N was covalently bound to microspheres and included in a
bead-based multiplex serological assay, and validation of this target was performed by
comparison to inactivated whole-virus enzyme-linked immunosorbent assay (ELISA).
Risk factors for seropositivity were assessed along with analysis of spatial clustering in
the districts of Nacala-a-Velha and Mecubúri. For persons sampled in both surveys, the
durability of IgG response to the N was evaluated, as well as seroconversion and seror-
eversion events.

RESULTS

Between the 2013 and 2014 cross-sectional surveys in Nacala-a-Velha and Mecubúri
(Fig. 1A), a total of 2,278 DBS were collected with 539 (23.7% of all) persons providing
a DBS sample for both surveys for RVFV serological testing (Table 1) (23). Of all partici-
pants, 46.7% were enrolled in Nacala-a-Velha and 53.3% in Mecubúri, and for the per-
sons providing samples for both surveys, 51.0% were from Nacala-a-Velha and 49.0%
were Mecubúri. Approximately half (50.8%) of persons were less than 15 years of age
and 54.5% were female.

IgG seroprevalence to RVFV N in the study population was low, with 181 (7.9%, 95%
CI: 6.9%-9.1%) of persons seropositive between the two surveys, and no significant dif-
ferences noted between the 2013 (8.5%, 6.9%-10.3%) and the 2014 (7.4%, 6.0%-9.1%)
surveys. Seroprevalence was significantly higher in Nacala-a-Velha (10.5%, 8.8%-12.5%)
versus Mecubúri (5.7%, 4.5%-7.1%). Increased seroprevalence by age were noted for
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both districts (Fig. 1B and C). Modeled seroconversion rates had overlapping confidence
intervals between the two survey years within each district, but estimated rates were signifi-
cantly higher for Nacala-a-Velha (0.0068 and 0.0054) versus Mecubúri (0.0033 versus 0.0034)
(Table 2).

FIG 1 Study sites and IgG levels and seropositivity to RVFV N by age. (A) Location of Nacala-a-Velha and Mecubúri districts in northern Mozambique. (B) Beeswarm
plots for RVFV N IgG assay signal by age groups for the two districts with data for 2013 and 2014 surveys combined. Horizontal red hashed line denotes seropositivity
threshold. (C) Seroprevalence curves for RVFV N by district and survey year. Modeling estimates for seroconversion and seroreversion rates displayed in Table 2.

TABLE 1 Demographic characteristics of participants providing blood samples in
Mozambique from 2013 and 2014

Year

Characteristic 2013 2014 Total (%)
Participants enrolled 1118 1160 2278 (100%)

District
Nacala-a-Velha 526 538 1064 (46.7%)
Mecubúri 592 622 1214 (53.3%)

Age
0–4 yrs 249 243 492 (21.6%)
5–9 yrs 190 251 441 (19.4%)
10–14 yrs 105 119 224 (9.8%)
151 yrs 574 547 1121 (49.2%)

Sex
Female 612 630 1242 (54.5%)
Male 506 530 1036 (45.5%)

Provided DBS in both 2013 and 2014 surveys 539 (23.7%)
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Assessing spatial clustering for seropositivity (binary data) or median mean fluores-
cence intensity (MFI)-bg assay signal (continuous data) found consistency in the two
study sites between the two survey years. Fig. 2 shows the northern area of Mecubúri
having statistically significant clusters identified for higher seroprevalence and MFI-bg signal
in both the 2013 and 2014 surveys. Likewise, a statistically significant cluster for higher sero-
prevalence was observed in northeast Nacala-a-Velha for both surveys, though the 2013 sur-
vey alone also found a separate cluster in eastern Nacala-a-Velha. No spatially significant
clusters were observed for increased MFI-bg signal in Nacala-a-Velha for either survey.

Modeling for risk factors for IgG seropositivity to RVFV N found significantly increased odds
of seropositivity with increasing age and for male sex, with males having an overall 60%
increase in odds of being Np seropositive (Table 3). When assessing participants enrolled by

TABLE 2 Estimates for Rift Valley fever virus N seroconversion by district and survey years in
two districts of Mozambique from 2013 and 2014

Modelled rate Rate estimate 95% confidence interval
SCRa

Nacala-a-Velha 2013 0.0068 0.0042 0.0093
Nacala-a-Velha 2014 0.0054 0.0033 0.0075
Mecubúri 2013 0.0033 0.0019 0.0046
Mecubúri 2014 0.0034 0.002 0.0048

SRRb 0.0055 20.0084 0.0194
aSeroconversion rate.
bSeroreversion rate.

FIG 2 Spatial patterns of IgG against RVFV N between two study sites for the two surveys. Spatially significant clusters of IgG positivity indicated by
hashed ellipses and for IgG levels by solid lines. Marker intensity for seropositivity: 0%, white; 0-24%, yellow; 25-50%, orange.
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sex, females were enrolled at higher percentages from ages approximately 15 to 40 (Fig. S4A),
but the consistent higher proportion of males who were seropositive was not observed until
approximate age 40 years and beyond (Fig. S4B). In the adjusted model, seroprevalence was
not significantly different between the 2 districts, village elevation, household socioeconomic
status (SES), or long-lasting insecticidal net (LLIN) use whether individual- or community-level.
Correlation between village seroprevalence and elevation showed an overall negative trend,
but with a high degree of variation and a non-significant negative slope (rho = 0.37)(Fig. S5).

Among these 539 individuals sampled in both the 2013 and 201 surveys, the majority of
persons (489, 90.7%) were seronegative at both time points. For the 50 persons with at least
one sample showing IgG to N, most of these (43, 86.0%) were clearly seropositive at both
time points with no substantial fluctuation in assay signal between the 2013 and 2014 sur-
veys (Fig. 3). However, of the 46 persons seropositive during the 2013 survey, 3 (6.5%) had a
decrease in IgG levels, causing them to become seronegative by 2014. Two of these persons
were male children under 5 years of age and 1 person was a female in her mid-30s. Of the
494 persons seronegative in 2013, 4 (0.81%) had seroconverted by the 2014 survey, indicat-
ing an exposure to RVFV during this period of time. Two young males (both between 15
and 20 years old) had MFI-bg signals close to the seropositivity threshold in 2013, and slight
increases in MFI-bg values in 2014 caused these persons to be classified as seropositive.
However, 2 persons (both females over 40 years of age from Nacala-a-Velha) had log-folds
increase in assay signal between the 2 surveys.

Comparison with RVFV ELISA results found moderate correlation in assay signal between
the 2 platforms for the same sample (rho = 0.59, Fig. S2A). If the ELISA was considered as
the gold standard immunoassay, receiver operating characteristic (ROC) analysis for MBA
results found a high estimate for area under the curve (AUC = 0.923), but to maximize the
specificity of binary classification for MBA results, a seropositivity threshold of.20,000 MFI-bg
units would be required (Fig. S2B and C). No correlation was noted between an individual’s

TABLE 3 Adjusted modeling of risk factors for seropositivity to RVFV N protein
inMozambique from 2013 and 2014

Variable Seropositivity aOR (95% CI)
District
Mecuburi Ref
Nacala-a-Velha 1.2 (0.62-2.3)
Elevation (m) 1.0 (1.0-1.0)

Age
,5 yrs Ref
5–10 yrs 3.7 (0.41-33)
10–15 yrs 15 (1.9-123)
15–20 yrs 27 (3.4-223)
20–30 yrs 23 (3-174)
30–40 yrs 32 (4.3-244)
.40 yrs 40 (5.4-289)

Sex
Female Ref
Male 1.6 (1.0-2.5)

SES quintile
1st (Poorest) Ref
2nd 0.52 (0.23-1.2)
3rd 0.67 (0.34-1.3)
4th 0.98 (0.54-1.8)
5th (Richest) 0.55 (0.27-1.1)
LLIN Use (individual) 1.0 (0.55-1.9)
LLIN Use (community) 0.5 (0.07-3.5)
SESa

LLINb

aSocioeconomic status.
bLong-lasting insecticidal net.
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response to RVFV N and 2 other arboviral antigens included in the MBA panel: chikungunya
virus E1, and dengue 3 virus virus-like particle (VLP) (Fig. S6).

DISCUSSION

These findings present serological evidence for human exposure to RVFV in the northern
Mozambican districts of Nacala-a-Velha and Mecubúri. Though overall IgG seroprevalence to
the RVFV N was low (7.9% among all participants), significant differences were noted
between the Nacala-a-Velha (10.5%) and Mecubúri (5.7%) study sites. Enrollment numbers
and participant characteristics were very similar between both study sites with no significant
differences between distribution of participant ages or sex ratio (23). Notably, Mecubúri only
saw 4 participants (0.33%) under 15 years of age seropositive for RVFV N, whereas 22 (2.1%)
of participants of the same age range from Nacala-a-Velha were seropositive – a greater
than 6-fold difference. The Nacala-a-Velha district is on the northeast coast of Mozambique
whereas Mecubúri district is more geographically disperse and .100km inland. This
observed difference in seroprevalence could potentially be due to differences in appropriate
mosquito habitat between the 2 districts (4, 18, 24), or differences in close human interac-
tions with ruminant livestock or consumption in ruminant products (6, 8, 9, 19). Reports for
RVFV exposure among humans in Mozambique have consistently found low IgG seropreva-
lence estimates of less than 10% (18, 25, 26), though seroprevalence among Mozambican
ruminants has been observed to be much higher with estimates routinely exceeding 10%
(27–29), and even 50% in some studies (30, 31).

The IgG response against RVFV N appears to be largely durable over a time period
of 1 year. Further evidence by modeling seroprevalence curves by age suggests that af-
ter seroconversion, persons would remain IgG positive for many years after exposure.
After seropositive/seronegative binary classification, very few samples had assay signal
near the seropositivity threshold, indicating that if an individual was IgG seropositive
(previously exposed to RVFV), they typically harbored a high IgG titer against the N.

FIG 3 Anti-RVFV N IgG level for persons sampled in 2013 and 2014 surveys. Plots shown for persons IgG seropositive to
N remaining seropositive (n = 43), persons becoming IgG negative (seroreverting, n = 3), and persons becoming IgG positive
(seroconverting, n = 4).
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Indeed, this was shown by the overall distribution of the assay signal for the entire
study population with a clear unimodal sub-population of seronegative participants,
and a unimodal subpopulation of seropositive individuals with very high assay signal.
The finding of monotonic increase in population-level seropositivity with age to an in-
fectious disease antigen mirrors other pathogen antigens known to induce long-lived
memory B cells and circulating IgG antibodies (23, 32–34). As persons age in an
endemic setting, the cumulative probability of lifetime exposure to a pathogen is con-
tinually increasing, so the oldest individuals have endured the highest odds of even a
single infection event. For the 539 persons sampled in both 2013 and 2014, we found
that 43 of the 46 (93.5%) individuals seropositive in 2013 not only retained their sero-
positivity status against N, but this level of IgG was largely unchanged 1 year later.
Among the 3 persons (6.5% of 2013 IgG positives) who seroreverted between 2013
and 2014, 2 were under the age of 5 years, possibly indicating a less-durable B cell
population in these younger persons (34). Though it was observed that 4 individuals
(0.74%) seroconverted between 2013 and 2014, it is difficult to estimate if this 1-year
span of time is a ‘typical’ rate of exposure for RVFV in northern Mozambique, though
these findings from a 1-year follow-up do mirror the overall modeled estimates for
seroconversion (0.47% probability per year of life) and seroreversion (0.55% probabil-
ity). Low rates of observed and modeled seroconversion both point to low annual
transmission rates in these districts, though it should be noted that RVFV infections
during outbreak periods likely account for a large proportion of all exposures (35). At
this same time period of 2013–2014, RVFV outbreaks were identified in human (18)
and ruminant (30) populations in Mozambique, though these were all identified in
southern districts of the country. The 60% increased odds for seropositivity in males
differs from other serostudies which have generally found no differences in seropreva-
lence by sex (6, 18, 19), though a 2009 Kenya study did find over 2-fold increase in
seroprevalence in males (16). Increased odds in males in this Mozambique study popu-
lation may be due to behavioral differences leading to increased exposure to both
ruminants and mosquitoes.

Both chikungunya virus and dengue virus serotype 3 are endemic in Mozambique
and are common sources of acute febrile illness in the population (26, 36, 37). This
study found no correlation between levels of IgG antibodies against these arboviruses
and RVFV N. These data point to 2 findings: no evidence of IgG cross-binding among
these 3 arboviral antigens, and different exposure patterns of the populace to these
different arboviruses. The lack of cross-binding is not surprising as all 3 viruses are dis-
tantly related, with dengue and chikungunya viruses belonging to the phylum
Kitrinoviricota, whereas RVFV belongs to the Negarnaviricota phylum. Chikungunya and
dengue viruses are strictly transmitted through the Aedes vector (24), whereas RVFV
has been found to be more liberal with its arthropod host (4, 5). Though non-signifi-
cant, an overall negative trend observed by village elevation and RVFV N seropreva-
lence provides some evidence that residence in more optimal mosquito habitats (at
lower elevations) may facilitate the mosquito/human transmission cycle in this popula-
tion. RVFV transmission to humans through contact with livestock (or livestock prod-
ucts) has been reported, and studies sampling from Mozambican sheep, goats, and
cows have consistently found levels of RVFV livestock exposure .10% and exceeding
60% in some districts (27–29, 31).

Limitations to this study include the inability to perform functional inhibition stud-
ies with this sample set. While RVFV exposure could be ascertained using the total
anti-N IgG response, estimation of levels of protective antibodies was not possible with
the MBA as run (38). Participants were not asked questions relating to livestock owner-
ship or contact (and livestock from the communities were not sampled from), so asso-
ciations with this important mode of viral transmission could not be investigated.
Though the RVFV N is a common serological tool for immunoassays (13, 14, 20), other
RVFV antigens were not included in our MBA panel, and IgG against the N is our only
metric of exposure. As with some previous livestock studies (14, 39), the current study
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only provided a follow-up sampling of 1 year, and longitudinal assessment of popula-
tions (and individuals) could provide a more accurate illustration of rates of virus trans-
mission and the associated risk factors.

In conclusion, the RVFV recombinant N provides an excellent serological marker to
assess human exposure to RVFV. This study utilized DBS as a sample type to detect
anti-N IgG, and being able to utilize DBS provides pragmatic sample collection in a va-
riety of field settings. At a population level, though the Mozambican districts of
Nacala-a-Velha and Mecubúri both saw overall low seroprevalence to this antigen, spa-
tial and population estimates were consistent between household surveys conducted
in 2013 and 2014. Future surveys in Mozambique may consider serological and other
data to attempt to estimate human and ruminant exposure to RVFV in this area of
Africa. For surveys from SSA employing a MBA technology, inclusion of this antigen tar-
get would provide a wealth of data regarding RVFV exposure in human populations.

MATERIALS ANDMETHODS
Ethics. These surveys were performed to evaluate the impact of long-lasting insecticidal nets on

Plasmodium falciparum prevalence (23). The National Bioethics Committee in Mozambique approved
the original serosurvey study (#249/CNBS/13). Adult participants provided written consent before enroll-
ment in the study and provided written consent on behalf of child participants, with agreement for
future antibody testing against other infectious diseases. United States Centers for Disease Control and
Prevention (CDC) investigators provided technical assistance without access to personally identifiable in-
formation and were not considered engaged in human subjects research (#2014-268).

Study design, participant enrollment, and blood sample collection. Two cross-sectional house-
hold surveys occurred in September 2013 and October 2014 in coastal Nacala-a-Velha District and inland
Mecubúri District in Nampula Province in northern Mozambique (23) (Fig. 1A). In each district, 20 enumeration
areas were randomly selected with probability proportional to size; in each enumeration area, 20 households
were randomly selected using simple random sampling after full enumeration of households in the area. In
each household, all members present were invited to enroll in the survey which included questions on LLIN
use, sociodemographic variables, and SES, and were asked to provide a dried blood sample on filter paper. In
the second survey in 2014, teams revisited the same households from the 2013 surveys, with no replacement
of households. In both surveys, participants provided a blood sample by finger prick, and 10 mL of whole
blood was spotted onto each of six circular filter paper extensions configured in a wheel (Trop Bio Pty Ltd).
Blood was dried overnight and the dried blood spots (DBS) were individually stored in plastic baggies with
desiccant, temporarily stored at 4°C, and shipped to CDC in Atlanta, GA, USA at room temperature. Upon receipt
at CDC, DBS were stored at220°C until processed in the laboratory.

Antigen coupling to beads. A recombinant RVFV N antigen (South African isolate M35/74, GenBank
accession number JF784388, GenScript) fused to glutathione S-transferase (GST) was covalently bound to poly-
styrene microbeads (SeroMap Beads; Luminex Corporation) by the commonly used carbodiimide intermediate
reaction with N-(3-Dimethylaminopropyl)-N9-ethylcarbodiimide (EDC, Calbiochem) cross-linker (23). A 1 mL
bead coupling (12.5� 106 beads) was performed at a concentration of 17mg/mL protein in a buffer of 50 mM
2-(N-morpholino)-ethanesulfonic acid and 0.85% NaCl at pH 5.0. Chikungunya virus E1 antigen and dengue vi-
rus serotype 3 VLP were coupled as described previously (40, 41), and included to generate seroepidemiologi-
cal estimates for these pathogens (as reported separately) and to assess potential cross-binding with RVFV N
antigen. As a control for nonspecific binding, a bead conjugated to only GST was included in the multiplex
panel, and this protein was coupled to beads at 15 mg/mL at pH 5.0. Beads were stored at 4°C until used for
data collection by multiplex bead assay (MBA). The MBA panel also included microbeads coupled to other in-
fectious disease and vaccine-preventable disease antigens (23).

Blood sample elution and MBA data acquisition. Antibodies from one tab of the DBS filter paper
extension were eluted overnight at 4°C using 200mL PBS containing 0.3% Tween 20 and 0.05% sodium azide
(an approximately 1:40 serum dilution based on an estimated hematocrit of 50%). A further 1:10 dilution of the
serum was made with phosphate-buffered saline (PBS) containing 0.3% Tween 20, 0.02% sodium azide, 0.5%
bovine serum albumin, 0.5% polyvinyl alcohol, 0.8% polyvinyl pyrrolidone, and 0.5% casein, and a final 3 mg/
mL crude and unclarified Escherichia coli extract. This dilution was stored overnight at 4°C for absorption of E.
coli antibodies and to eliminate nonspecific reactivity to polystyrene (42, 43).

The MBA was performed as described previously in 96-well filtered-bottom plates (Millipore) with wash steps
(with PBS 1 0.05% Tween 20) between incubation steps (23). The diluted sample (approximately 1:400 serum
dilution) was incubated with antigen-coupled beads for 90 min protected from light at room temperature under
gentle shaking. Bound antigen-specific IgG was detected with 45-minute incubation with biotinylated mouse
monoclonal antibodies to human IgG (1:500 anti-human IgG, 1:625 anti-human IgG4, both from Southern
Biotech) followed by a 30 min incubation with streptavidin-phycoerythrin (Invitrogen)(42, 44). Data were acquired
with a BioPlex-200 instrument with BioPlex Manager 6.1 software (Bio-Rad) that calculated the median fluores-
cence intensity (MFI) from each bead region for each assay well. Background (bg) MFI from a buffer-only blank
on each plate was subtracted from MFI readings for each bead region, providing an assay signal of MFI-bg. The
mean MFI-bg value from duplicate wells was used for analysis. For the original study, samples with high CV% val-
ues (.15%) for .4 positive antibody responses were repeated (23). The average variability (measured as CV%)
for the positive responses of control sera across the 64-plate study was,15% (Fig. S1).
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RVFV ELISA. RVF virus-specific IgG ELISA was performed as previously described to compare results
for the novel MBA compared to the standard ELISA (45, 46). Briefly, following heat and detergent inactivation,
DBS specimens were tested by anti- IgG ELISA using inactivated RVFV-infected VERO-E6 cell antigens. A cell
slurry was prepared by sonicating gamma-irradiated lysate of VERO-E6 cells infected with virus. Four dilutions
of each specimen (1:100, 1:400, 1:1600 and 1:6400) were tested. Titers and cumulative sum of optical densities
of each dilution (SUMOD) minus background of absorbance of uninfected control VERO E6 cells (adjusted
SUMOD) were recorded. Specimens were considered positive only if both the adjusted SUMOD and titer were
above pre-established conservative cutoff values, which were set as .0.95 and $1:400 for IgG). Comparison
between MBA and ELISA results for a subset of all study specimens (n = 98) is shown in Fig. S2 This subset was
chosen based on a wide range of MBA IgG assay signal values to N protein.

Determination of threshold for RVFV N IgG seropositivity. Three methods were employed to
identify an MFI-bg assay signal cutoff to denote true IgG positivity to the N:

(i) A panel of 86 serum specimens from U.S. residents who had no reported history of international
travel was assayed by MBA, and the lognormal mean plus 3 standard deviations was calculated from
theMFI-bg signals as the N cutoff. This threshold value was calculated to be 527 MFI-bg units.

(ii) A ROC curve utilizing the ELISA results as a serological gold standard identified a threshold value of
26,878MFI-bg units whenmaximizing sensitivity and specificity using a closest to 0,1 criterion (47).

(iii) A two-component finite mixture model (FMM) approach attempted to find 2 sub-populations
(putative seronegative and seropositive) within the sample set data (48). For N assay signal,
the lognormal mean 1 3 standard deviations (99.7% specificity) was calculated from the first
(negative) component and found to be a 966 MFI-bg units.

In assessing the distribution of MFI-bg assay signals for the entire study population (Fig. S3) the
threshold obtained by the two-component FMM approach appeared to be most appropriate by visual
inspection, and this was the chosen threshold for dichotomizing assay results. A total of 24 samples
(1.1% of entire sample set) were found to have an assay signal between 527 and 966, whereas 78 (3.4%)
samples had an MFI-bg signal between 966 and 26,878.

Spatial analysis. A centroid GPS of each village was used for analysis. Elevation above sea level in
meters (m) were obtained by an ASTER Digital Elevation Model for the GPS coordinate for each village. The
GPS coordinates and elevation for each village were averaged, and the percentage of individuals who were
IgG positive for each antigen per village was plotted, using ArcGIS 10.3.1(Esri). SatScan software (v9.7) was
used to identify spatial clusters of villages with elevated prevalence. In addition, SatScan was utilized for spatial
clusters of villages with significantly elevated median IgG response (by MFI-bg assay signal values) (49, 50). An
elliptical cluster shape was assumed and statistically significant clusters (P, 0.05 used for significance) are rep-
resented by the border of a convex hull of villages deemed to be inside the cluster.

Statistical analysis. ROC analysis was performed in SAS software (v9.4) by the PROC LOGISTIC pro-
cedure and two-component finite mixture models by PROC FMM. A reversible catalytic model was fit to
the seropositivity by age data for N in R version 3.3.2 (R Foundation for Statistical Computing). Estimates
for the serological conversion rate (SCR) and serological reversion rate (SRR) per year were jointly esti-
mated from the likelihood model, with a constant SRR across sites and years, but allowing SCR to vary
by site and year (23). Poisson regression for seropositivity adjusting for adjusting for district of residence
age, sex, village elevation, household socioeconomic status (SES), and long-lasting insecticidal net (LLIN)
use was performed in R as described previously (23).
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