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Abstract

Human movement impacts the spread and transmission of infectious diseases. Recently, a
large reservoir of Plasmodium falciparum malaria was identified in a semi-arid region of
northwestern Kenya historically considered unsuitable for malaria transmission. Under-
standing the sources and patterns of transmission attributable to human movement would
aid in designing and targeting interventions to decrease the unexpectedly high malaria bur-
den in the region. Toward this goal, polymorphic parasite genes (amat, csp) in residents
and passengers traveling to Central Turkana were genotyped by amplicon deep sequenc-
ing. Genotyping and epidemiological data were combined to assess parasite importation.
The contribution of travel to malaria transmission was estimated by modelling case repro-
ductive numbers inclusive and exclusive of travelers. P. falciparum was detected in 6.7%
(127/1891) of inbound passengers, including new haplotypes which were later detected in
locally-transmitted infections. Case reproductive numbers approximated 1 and did not
change when travelers were removed from transmission networks, suggesting that trans-
mission is not fueled by travel to the region but locally endemic. Thus, malaria is not only
prevalent in Central Turkana but also sustained by local transmission. As such, interrupting
importation is unlikely to be an effective malaria control strategy on its own, but targeting
interventions locally has the potential to drive down transmission.

Introduction

Increased human mobility influences the spread and transmission of infectious diseases by
introducing pathogens into susceptible populations. Human movement has been implicated
in outbreaks and changing transmission dynamics for bacterial pathogens such as Vibrio
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cholerae [1, 2], parasites including malaria [3], and viruses such as polio [4], measles [5, 6],
dengue [7], Ebola [8], and SARS-CoV-2 [9-11]. In some cases, human movement can increase
the pathogen reproductive number, R, and thereby sustain transmission in areas where it
would be less than 1 in the absence of importation [12]. Pathogen importation remains a key
barrier to achieving elimination, and quantifying its impact on transmission is necessary for
designing and implementing successful interventions [13]; however, the impact of pathogen
importation is particularly difficult to evaluate in regions with both limited health surveillance
capacity and limited contact with remote populations.

In Turkana County, Kenya, human movement and settlement patterns are changing dra-
matically owing to the influence of oil exploration and resource extraction on economic
development [14]. Historically, due to the harsh, semi-arid climate and sparse population of
nomadic pastoralists, Turkana County has been considered unsuitable for endemic malaria
transmission, resulting in very few malaria control efforts in the region [15]. However, this
assumption is challenged by reports of malaria both from routine cases in local health facili-
ties as well as several malaria outbreaks [16, 17]. Consistent with these observations, we
recently reported that nearly one-third of the household members of acute malaria patients
in Central Turkana were also infected with Plasmodium falciparum, the major malaria para-
site species in Kenya, suggesting that malaria is endemic in these communities [18]. Given
the recent increase in local travel into and out of the region that is concentrated along a lim-
ited number of travel routes, it seems plausible that parasite importation, if implicated in sus-
taining local transmission, could be intervened upon to reduce the burden of malaria.
Recently, parasite genotyping has offered valuable insight into parasite population structure
on spatial and temporal scales and revealed sources of parasite movement in other settings
[19-25]. Therefore, using parasite genotypes to understand the sources and patterns of
malaria transmission in Turkana, including those attributable to human movement, could
aid in designing and targeting interventions to decrease this unexpectedly high malaria bur-
den in the region.

Here, we investigated the relative contribution of P. falciparum parasite importation to
local malaria transmission in Central Turkana. To do so, we genotyped P. falciparum parasites
using amplicon deep sequencing from infected community members and individuals traveling
to Central Turkana by bus or plane. We then used these data in concert with self-reported
travel histories and malaria transmission modeling to estimate how frequently imported geno-
types are incorporated into the local parasite population and understand whether travel fuels
malaria transmission. We hypothesized that P. falciparum parasites in travelers to the region
measurably contribute to and help to sustain local malaria transmission.

Results

Study population

From August 2018 to December 2019, we enrolled 1933 people with RDT-positive malaria at
six health facilities (index cases), 3353 of their household members, and 1899 inbound passen-
gers to Central Turkana County (S1 Fig). Of these 7185 individuals, we obtained molecular
parasite detection results for 7096 (98.8%). Malaria parasites were detected by qPCR in 97.5%
(1845/1891) of index patients, 30.7% (1018/3314) of household members, and 6.7% (127/1891)
of inbound passengers. Of these 2990 PCR-positive samples, amplification and sequencing
were successful for P. falciparum circumsporozoite protein (csp) in 2521 (84.3%) and for apical
membrane antigen 1 (amal) in 2514 (84.1%) samples, across which we identified 72 unique
csp haplotypes and 88 unique amal haplotypes (Fig 1).
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7185 individuals enrolled:
+ 1933 index patients
+ 3353 household members
+ 1899 inbound passengers

7096 PCR parasite detection completed:
+ 1891 index patients
+ 3314 household members
* 1891 inbound passengers

2990 PCR-amplified and sequenced:
* 1845 index patients
+ 1018 household members
* 127 inbound passengers

% \

2521 assigned csp haplotypes: 2514 assigned ama1 haplotypes:
+ 1753 index patients * 1744 index patients
+ 691 household members + 691 household members
» 77 inbound passengers * 79 inbound passengers

72 unique haplotypes called 88 unique haplotypes called

Fig 1. Study design, enrollment, sequencing, and haplotypes.
https://doi.org/10.1371/journal.pgph.0000807.9001

Recent travel among participants

Among the 7096 participants with parasite detection results, 2048 (28.9%) reported travel in
the 2 months prior to enrollment, including all 1891 inbound passengers and 157 community
members. Compared to non-travelers, these individuals tended to be 16 years or older (90.1%;
1796/2048) and male (63.5%; 1300/2048) (both p < 0.001). Among community participants,
travel in the 2 months prior to enrollment was reported by 95/1891 (5.0%) index patients and
62/3314 (1.9%) household members. Of the community participants reporting travel, 80%
(126/157) were enrolled at urban health facilities (67 index cases, 59 household members)
within Lodwar town (Table 1). The 157 community-enrolled travelers reported 167 trips, 106
(67.5%) of which were within Turkana County. The majority of trips taken by community
members outside of Turkana County were to counties with higher parasite prevalence based
on Malaria Atlas Project (MAP) estimates (PfPR, 10 2018-2019 [26]) (26/38 (68%) index case
trips, 16/23 (70%) household member trips) (S2 Fig). Inbound passengers were nearly evenly
split between residents returning to Central Turkana (n = 948) and visitors (n = 941). Most
inbound visitors resided in counties with higher PfPR, ;, than Turkana County (70%, 644/
926). Inbound passengers reported more trips (median 2, IQR 1-2) than community partici-
pants who reported travel (median 1, IQR 1-1) (p < 0.001). Of the places visited by inbound
passengers, 47% (828/1768) were to counties with higher PfPR, ;o than Turkana County.

Parasite prevalence in travelers

By RDT results, P. falciparum prevalence was lower in inbound passengers (2.3% [44/1891])
than in household members (11.9% [394/3314]) (p < 0.001). A similar difference was observed
based on PCR results (SI Table). Among household members, there was no difference between
individuals who did and did not report travel in parasite prevalence by RDT (Fisher Exact
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Table 1. Baseline characteristics based on travel reported.

Overall Inbound passengers Community Participants
No Travel Travel p-value’
n=7,096 n=1,891 n =5,048" n=157"
Case type <0.001
Index cases 1,891 1,796 (95%) 95 (5.0%)
Household members 3,314 3,252 (98%) 62 (1.9%)
Inbound passengers 1,891 1,891 (100%)
Returning 948 948 (100%)
Visitor 941 941 (100%)
Age <0.001
15 or younger 2,864 143 (5.0%) 2,675 (93%) 46 (1.6%)
16-40 3,293 1,295 (39%) 1,905 (58%) 93 (2.8%)
Older than 40 years 891 441 (49%) 433 (49%) 17 (2.0%)
Gender 0.7
Male 3,510 1,228 (35%) 2,210 (63%) 72 (2.0%)
Associated Health Facility <0.001
Rural 3,217 3,186 (99%) 31 (1.0%)
Kerio 1,023 1,017 (99%) 6 (0.6%)
Nadoto 1,490 1,470 (99%) 20 (1.3%)
Nakechichok 704 699 (99%) 5(0.7%)
Urban 1,988 1,862 (94%) 126 (6.3%)
Ngiitakito 737 723 (98%) 14 (1.9%)
St. Monica 732 702 (96%) 30 (4.1%)
St. Patrick 519 437 (84%) 82 (16%)
P. falciparum RDT positive 2,329 44 (1.9%) 2,183 (94%) 102 (4.4%) <0.001
P. falciparum PCR positive 2,990 127 (4.2%) 2,753 (92%) 110 (3.7%) <0.001
Reporting any symptoms 2817 532 (19%) 2,165 (77%) 120 (4.3%) <0.001

'n (%).

*Pearson’s Chi-squared test comparing community participants who did and did not travel.

https://doi.org/10.1371/journal.pgph.0000807.t001

Test, p = 1) or PCR (p = 0.3304) (Fig 2a). Parasite densities for participants who did and did

not report recent travel are shown in Fig 2b. Among actively-detected cases (inbound passen-
gers and household members), those reporting travel harbored slightly lower parasite densities
(median 0.27 p/ul, IQR: 0.05-1.55 p/ul) than those who did not report travel (median 1.08 p/
ul, IQR: 0.02-13.78 p/pl) (Wilcox test, p < 0.001). The median multiplicity of infection (MOI)
as measured by csp or amal was 1 for both travelers and non-travelers (Fig 2c). P. falciparum
prevalence, parasite densities, and MOIs stratified by case type (index cases, household mem-
bers, and inbound passengers) are shown in S3 Fig.

Haplotype distribution in Central Turkana

Community participants presenting with malaria were enrolled at three urban health facilities
(Ngiitakito, St. Monica, and St. Patrick) located within the town of Lodwar and three rural
health facilities (Kerio, Nadoto, Nakechichok) located along the Turkwel river that connects
Lodwar to Lake Turkana over approximately 60 km [18].

We first compared haplotype distributions by travel reported (and whether a traveler was
visiting Turkana or returning), case type, and urbanicity for individuals residing in the study
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Fig 2. Plasmodium falciparum cases, parasite density, and multiplicity of infection in index cases, household
members, and inbound passengers, stratified by reported travel. (a) P. falciparum PCR-positive (solid) and negative
(striped) participants by reported travel and case type throughout the study. (b) Parasite density distribution by
reported travel. Points on x-axis represent median parasitemias for each group. (c) Multiplicity of infection determined
by csp (left) and amal (right) haplotype counts in each individual. Points on x-axis represent median MOlIs for each

case type.
https://doi.org/10.1371/journal.pgph.0000807.g002

area (54 Fig). For csp, we found a majority (43/72; 60%) of haplotypes were observed in both
people who did and who did not report travel; only 4/72 (5.6%) csp haplotypes were unique to
participants reporting travel, 3 of which were unique to visitors. Similarly, for amal, 45/88
(51%) haplotypes were observed in both individuals who traveled and those who did not, and
7/88 (8%) appeared only in individuals reporting travel, 4 of which were unique to visitors.
Fig 3a and S5-S7 Figs show the proportion of each haplotype observed at each health facility
among community participants. For csp, a majority of haplotypes detected in community
members (51/69; 74%) were detected in samples from multiple health facilities. Similarly, for
amal, 59/83 (71%) haplotypes were detected in samples from more than one health facility.
Collectively, these observations suggest that P. falciparum parasites in Central Turkana circu-
late across a large area without apparent geographic structuring despite the arid climate and

low human population.

Local pairwise haplotype sharing

We next sought to further understand local malaria transmission by determining whether hap-
lotypes clustered in time or space based on binary pairwise haplotype sharing (i.e. whether a
pair of infections share one or more haplotypes). The odds of individuals sharing at least one
haplotype decreased by 2.5% with each 2-week interval increase in time between infections for
csp (Fig 3b, OR 0.9753 95% CI 0.9749-0.9756) and by 1.5% for amal (S5b Fig OR 0.9845 95%
CI0.9842-0.9849). We also observed very small, but statistically significant declines in pair-
wise haplotype sharing with increasing distance (km) between infections defined at the facility
level for csp (Fig 3c; OR 0.9986 95% CI 0.9985-0.9987) and amal (S5c Fig; OR 0.9964 95% CI
0.9963-0.9965). Amongst participants with household members who were also infected,
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Fig 3. csp haplotype distribution and sharing in Central Turkana. (a) A majority of csp haplotypes were detected at multiple sites across Central
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https://doi.org/10.1371/journal.pgph.0000807.9003

people were much more likely to share a csp or an amal haplotype with an infected household
member than with an infected person in another household (p < 0.001 for each) (Fig 3d and
S5d Fig). These observations suggest that parasite genotypes cluster by household but are gen-
erally otherwise more strongly structured temporally rather than geographically.

Haplotype importation into Central Turkana

To estimate parasite importation into Central Turkana, we first defined a candidate imported
haplotype as one that was observed: (1) first in an individual reporting travel and (2) subse-
quently in individuals who did not report travel outside Central Turkana. This definition iden-
tified 7/71 (9.86%) csp haplotypes and 11/85 (12.9%) amal haplotypes as candidates for
importation. These 18 candidate imported haplotypes were observed in 10 people reporting
recent travel, with 1 individual harboring 5 haplotypes new to the study area (Fig 4a), 1 indi-
vidual harboring 3, and 2 individuals each harboring 2 (S8 Fig, S2 Table). In order to assess
whether these candidate imported haplotypes were artifacts of the study time period, we com-
pared the proportions of haplotypes meeting the candidate definition to a null distribution
generated by permuting individuals’ travel histories (binary exposure). In this analysis, the
proportions of ¢sp and amal haplotypes meeting importation criteria were compared to per-
muted null distributions (p = 0.002 for csp, p < 0.001 for amal), (Fig 4b and 4c), indicating
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https://doi.org/10.1371/journal.pgph.0000807.9004

that these candidate imported haplotypes were more common than would be expected under
the null.

Contribution of travelers to P. falciparum transmission in Central Turkana

Given the enrichment of putatively imported haplotypes among people reporting recent travel,
we rendered transmission networks of all infected individuals sharing at least one csp or amal
haplotype to visualize the extent of connectivity between people harboring the candidate
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imported haplotypes (Fig 5a). In these networks, we observed that these haplotypes comprised
a small portion of the total haplotype-based network, suggesting limited contribution to overall
transmission. To quantify this, we then compared estimates of the reproductive number (R) in
networks with and without people reporting travel in order to estimate the potential contribu-
tion of imported parasites to local transmission networks. We used a modified Wallinga Teu-
nis model that incorporated time and distance into transmission weights for all possible
infection pairs (S9 Fig) and incorporated genotype information with increasing stringency
under the assumption that infections which include the same haplotypes were more likely to
be part of the same transmission network. We included in this analysis only PCR-positive
community participants for whom we had PCR data for all members of the household (1014
index cases, 978 household members) as well as inbound passengers who were RDT-negative
(not treated) and PCR-positive (n = 98) (S10 Fig). In networks of PCR-positive infections, the
estimated R was similar when computed with (R = 1.028; 95% CI: 0.979-1.079) or without
(R=1.019; 95% CI: 0.975-1.068) individuals who reported travel in the two months prior to
enrollment (Fig 5b). In transmission networks of people with shared parasite genotypes, R
based on sharing at least one csp haplotype was similar between networks with (R = 1.057; 95%
CI: 0.979-1.137) and without (R = 1.049; 95% CI: 0.969-1.138) travelers, with similar results
for amal (R = 1.053, 95% CI: 0.969-1.144 among all individuals; R = 1.046, 95% CI: 0.953-
1.134 among only non-travelers) (Fig 5b). Concordance between c¢sp and amal for pairwise
haplotype sharing was moderate (Cohen’s Kappa 0.257). Finally, we used this same approach
to estimate potential travel effects on individual haplotypes by estimating R for each haplotype
among only individuals who shared a specific csp or amal haplotype. As shown in Fig 5c,
across csp or amal haplotypes, there were no differences in R estimates inclusive and exclusive
of individuals reporting travel (All p = 1). Collectively, the absence of discernable impact of the
exclusion of potential importation to the estimates based on all PCR-positive people, those
sharing haplotypes, or on specific haplotypes, suggest that P. falciparum parasites detected in
recent travelers do not contribute substantially to the sustenance of malaria transmission in
the study area.

Discussion

We collected P. falciparum parasites and travel histories in a community-based study in the
central region of Turkana County, Kenya in order to investigate the population structure of
local parasites and the contribution of parasite importation to local transmission. Using high-
resolution parasite genotyping and transmission modelling, we leveraged haplotype diversity
to detect signatures of parasite importation into Central Turkana by travelers. Using combined
genetic and epidemiological data to model case reproductive numbers, we estimated that para-
sites carried by travelers contribute to local transmission networks. However, these potential
parasite importations are not critical to sustaining malaria transmission in Turkana, which
appears rather to suffer from established transmission. Taken together, these results suggest
that interrupting malaria importation into the region is unlikely to be an effective malaria con-
trol strategy on its own, highlighting the importance for communicable disease control strate-
gies to account for how human movement impacts disease transmission.

P. falciparum parasites were harbored by travelers to Central Turkana, including inbound
passengers and locally-enrolled participants reporting travel, often from locations with higher
P. falciparum rates than Turkana County. Importation of pathogens can enhance local trans-
mission generally by either serving as origins of new chains of transmission or more specifi-
cally by introducing new genetic variants to which local hosts have not developed immunity
[27]. Parasite genotyping revealed that some of these imported infections included haplotypes
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Fig 5. Contribution of travel to local transmission networks. (a) Transmission nodes (points) and edges (lines) for individual csp and
amal haplotypes. Colors represent transmission attributable to candidate imported haplotypes. Edges drawn only if the relative
transmission likelihood (Eq 4 in methods) was > 0.02. (b) Top: Weekly estimates of the P. falciparum reproductive number (Rt) for
transmission networks composed of (left) PCR-positive individuals, (middle) participants sharing > 1 csp haplotype, and (right)
participants sharing > 1 amal haplotype. Lines indicate population with (gray) or without (blue) participants reporting travel. Bottom:
Overall estimates of P. falciparum reproductive number in each population both with (gray) and without (blue) the participants
reporting travel. Dots indicate point estimate and bars the 95% confidence interval. (c) Haplotype-specific estimates of R for P.
falciparum transmission networks with (gray) and without (blue) individuals reporting travel for (left) csp and (right) amal. Dots
indicate point estimate and bars the 95% confidence interval.
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first identified in individuals reporting travel and later identified in locally-enrolled individuals
who had not traveled outside the study area. Furthermore, several of these csp and amal haplo-
types were carried into Central Turkana by the same individuals, which supports the idea that
these individuals may have acquired their infections in settings with parasite populations dis-
tinct from that in Central Turkana. Taken together, these observations suggest that travelers
brought new parasites into the study area that spread throughout the local population by estab-
lishing local transmission chains.

Importantly, however, infections with these candidate imported haplotypes represented a
small proportion of overall transmission in the region (Fig 5a). Indeed, transmission models
revealed that effective case reproductive numbers (R and Rt) did not change when travelers
were removed from transmission networks. This limited contribution to local transmission
could be a consequence of both the relatively low frequency of travel among community-
enrolled participants as well as the low prevalence of infection among travelers, both of which
reduce the likelihood of establishing new transmission chains. An additional contributing fac-
tor to the lack of contribution by imported parasites to local transmission is the unexpectedly
high prevalence of infections among the local population independent of travel, which for par-
asitologic, immunologic, and clinical reasons could attenuate propagation of imported para-
sites. Collectively, our analyses suggest that transmission is not fueled by travel to the region,
but rather occurring locally within Central Turkana.

Several observations support the notion that P. falciparum is endemic in Central Turkana
despite the low population density and harsh climate that should render it relatively unsuit-
able. First, across transmission networks constructed with varying genetic relatedness between
infections, R estimates approximated 1 over an 11-month period, suggesting sustained but
endemic transmission. Secondly, we observed a high parasite prevalence among household
members who did not report recent travel (30.8%, 1003/3252), indicating a large reservoir
of transmitted and transmissible parasites and apparently well-mixed parasite population
between health facilities across the study area. Because these cases were identified using a reac-
tive study design, malaria prevalence in the general community may be lower. To better under-
stand the local P. falciparum epidemiology and transmission patterns, we evaluated spatio-
temporal haplotype structure in the study area as well as haplotype sharing within households.
We observed significant haplotype sharing within households, suggesting that household
members are likely participating in the same local transmission network. Finally, we observed
patterns of haplotype population structure consistent with a high transmission setting in West-
ern Kenya [28], including haplotype sharing that is highly structured temporally but not geo-
graphically beyond the household level. The establishment of endemic malaria in the atypical
setting of Turkana County highlights the need for innovative measures to control malaria that
are tailored to local conditions.

Our study has several limitations. First, it is possible that some of the identified putatively
imported haplotypes may have occurred within the population prior to when we observed
them during the study time period. However, the proportion of candidate imported haplotypes
was enriched compared to random chance, indicating that the putative haplotype importation
was not purely an artifact of the study period. Second, transmission modeling can be sensitive
to incomplete observations [29], and though this is mitigated if the fraction of infections
observed is constant over time [29, 30], it was unclear how a reactive sampling format would
potentially impact our estimated Rt. However, we simulated reactive case detection (RCD) in a
previously published longitudinal cohort [31] and found no systematic trends when monthly
RCD were restricted to a similar monthly number as our study in Central Turkana (S11 Fig),
suggesting that our estimates of R and Rt in Turkana are unlikely to be biased downward by
the RCD study format. Third, owing to logistical constraints, inbound passengers from only
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one of two air departure points to Lodwar Town were screened for P. falciparum malaria.
Finally, we may have incompletely cataloged parasite haplotypes owing to the preponderance
of low-density infections, which could render our approach insensitive to importations. How-
ever, our genotyping method is sensitive to low-density variants; we implemented additional
steps to enhance yield in low-density infections, and ultimately obtained csp and/or amal
genotypes from > 84% of detected infections.

Like other non-traditional settings adjacent to malaria hyperendemic regions, Turkana
County has historically been outside the malaria risk map in Kenya and therefore overlooked
for country-wide interventions and control measures [15]. Such preventive measures typically
include distributions of insecticide-treated bed nets and vector control with indoor residual
spraying or other approaches. These are rare in Turkana County [18], though their effective-
ness may be attenuated by the unique ecological and epidemiologic features of the region,
which include little surface water with only evanescent vector breeding sites, a (semi-)nomadic
population, and limited opportunities for bed net use. Among the potential measures for trans-
mission reduction would be prevention of importation, but our finding that malaria is not
only prevalent but also sustained by local transmission suggests that interrupting importation
is not likely to be an effective malaria control strategy on its own. Spatio-temporal and house-
hold-based genetic relatedness of infections, combined with understanding of the unique ecol-
ogy of the region, can be used to test which interventions may be most effective at reducing
transmission in Turkana County.

The deconvolution of imported from locally-transmitted infections is critical in areas recep-
tive to new pathogens as well as in settings that are nearing disease elimination. The methods
used in this study to synthesize pathogen genetic data, epidemiological data, and transmission
modeling could be generalized to account for human population dynamics in the spread of a
broad range of infectious diseases.

Materials and methods
Ethics

Written informed consent was provided by all adults and by parents or guardians for individu-
als under 18 years old. Additional verbal assent was obtained from individuals between 8 and
18 years old. This study was approved by the ethical review boards of Moi University (IREC/
2018/74, IREC/2018/191) and Duke University (Pro00100003). Additional information
regarding the ethical, cultural, and scientific considerations specific to inclusivity in global
research is included in the Supporting Information (S1 Checklist).

Study area and design

Turkana is a large (68,233 km?), semi-arid county in northwestern Kenya sparsely populated
with predominantly semi-nomadic and nomadic people (2019 Turkana County population
926,976) [32]. Lodwar, located in Central Turkana, is the largest town (2019 population
16,931) in the county with a more urbanized and settled population [32]. The main routes into
this remote county go through Lodwar by road and air. As previously reported [18], partici-
pants presenting with malaria at three urban (Ngiitakito, St. Monica, and St. Patrick) and three
rural (Kerio, Nadoto, Nakechichok) health facilities in central Turkana from August 2018 to
October 2019 were enrolled along with their household members. The enrollment clinics were
selected to represent a broad range of transmission settings around Lodwar.

The Kitale bus terminal serves as the departure point for all road travel to Lodwar, with an
estimated volume of 500-1000 passengers to Lodwar per month. Passengers traveling to Lod-
war by bus from Kitale (Trans Nzoia County) were enrolled and screened for P. falciparum
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malaria by RDT at the point of departure. Enrollment at the Kitale bus terminal occurred on 6
days each month from December 2018 to December 2019, and all travelers to Lodwar on the
bus or shuttle lines servicing the route on those days were enrolled. Our sampling strategy was
highly representative of road travelers; only individuals traveling by private vehicle or lorries,
which are relatively rare, were missed. Air passengers departing Eldoret for Turkana were
enrolled every Friday at the Eldoret airport from July 2019 to December 2019, which is one of
only 2 departure points to Lodwar for air travelers. Enrolled passengers were screened for P.
falciparum malaria by RDT and provided dried blood spots (DBS) as well as travel and health
histories. All RDT-positive participants were provided with Artemether-Lumefantrine treat-
ment (unsupervised), consistent with local guidelines for treatment.

Parasite detection and genotyping

Molecular detection of P. falciparum on DBS from inbound passengers was performed as pre-
viously described for community samples [18] using a duplex qPCR assay targeting P. falcipa-
rum pfr364 and human beta-tubulin. Parasite densities were determined based on a standard
curve of mock DBS constructed from dilutions of P. falciparum 3D7 in whole blood ranging
from 0.1 parasites/ul to 2000 parasites/ul. P. falciparum-positive samples from both inbound
passengers and community members were genotyped across variable segments of the ¢sp and
amal genes as previously described [31] with the following additions to enhance yield from
low-density samples: genomic DNA (gDNA) was extracted from DBS samples using a Chelex-
100 protocol that included an overnight incubation with 0.2mg/ml Proteinase K at 56°C prior
to boiling with Chelex. P. falciparum-positive gDNA extracts with Ct > 34 were concentrated
with an RNA Clean & Concentrator-5 kit (Zymo Research) prior to genotyping. For library
preparation, PCRI reactions included 7 pl of template gDNA when extract Ct was < 28, 18 ul
when 28 < Ct < 34, and 15 pl concentrated extract when Ct > 34. PCR2 reactions contained
1.5 pl template when extract Ct was < 28 and 3 pl when extract Ct > 28. Pooled, dual-indexed
libraries for amal and csp were sequenced on an Illumina MiSeq platform. Haplotypes were
inferred as previously described [31]. Briefly, reads were quality-filtered based on length and
Phred Quality Score (<15) and mapped to 3D7 reference sequences [33-37]. DADA2 was
used for haplotype inference and further read quality filtering, and false discovery was limited
by filtering haplotypes as previously described [31, 38]. The final output for downstream analy-
sis was a catalog of unique amal and csp haplotypes detected in each individual.

Local haplotype sharing metrics

We measured haplotype clustering in time, space, and within households using a binary pair-
wise haplotype sharing metric [28]. Only infection pairs of community members were consid-
ered. Analyses were performed separately for csp and amal. The effect of the time interval
between infections on the odds of sharing a haplotype was measured by logistic regression.
Distance between infection pairs was determined as the Haversine distance in km between
health facilities to which index cases reported (for index and household members) or inbound
passenger destinations. Distance-based haplotype sharing analyses were limited to infection
pairs occurring within 60 days of each other. The effect of distance between infections on the
odds of sharing a haplotype was measured by logistic regression. For household clustering, the
proportion of household members with whom an individual shared at least one haplotype was
determined for all participants with at least 2 infected individuals in a household with inferred
haplotypes. An analogous proportion for pairs outside the household was determined as the
median proportion of subsampled (n = number of household members, reps = 1000) infection
pairs outside the household within +60 days sharing at least one haplotype. A Wilcoxon
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Signed-Rank test was used to determine whether there was a difference in haplotype sharing
within and outside the household.

Haplotype importation analysis

Among parasites detected in community members, the definition of candidate imported para-
site haplotypes was any amal or csp haplotype that was (1) first detected in individuals report-
ing travel and (2) later detected in individuals not reporting travel. Note that RDT-positive
inbound passengers were excluded from this analysis, as they received treatment at the point
of origin and thus, presumably did not import infections into the study area. The proportions
of csp and amal haplotypes meeting candidate importation criteria were compared to null dis-
tributions generated by permuting individual travel designations (i.e. whether participants
reported travel) 1000 times. P-values were determined empirically from these null
distributions.

Malaria transmission modeling

We estimated the reproductive number (R) in Central Turkana using a modified Wallinga
Teunis model [30] with varying stringency on genetic relatedness between infections; R values
were computed for transmission networks based on 1) PCR-positivity alone, or 2) requiring
individuals to share at least one csp or amal haplotype. We also computed transmission net-
works based on infection with a specific haplotype.

To calculate R, we first determined transmission weights, w, for all infection pairs (i,j)
where infection i was detected on the same day or later than infection j (¢; > t)). In this analysis,
we included only community participants for whom we had PCR data for all members of the
household and RDT-negative/PCR-positive inbound passengers. Transmission weights were
determined based on (a) time between infection detection (w,) and (b) the geographic distance
between infections at the facility level (w,) and were the product of these two terms:

w(i,j) = w, (i, ) X w,(i, ) (1)

wi(i,j) was determined based on modeled serial interval distributions for treated symptomatic
P. falciparum infections by Huber et al. [39], which follow a gamma distribution with parame-
ters specified in Eq 2. Because the reactive case detection study design resulted in household
member sampling within a few days of an index case, the interval between these infections was
artificially shortened, resulting in low w;, values. Thus, w, was conditioned on whether individ-
uals reside in the same household, with maximum w;, values assigned to household members
based on the assumption that within-household transmission was highly likely:

o F( t, — 1] 22, 2.1) Household i # Household j
Wt(l7]) =

max|[['(22, 2.1)] Household i = Household j

(2)

where t;—t; was the time interval in days between infection i detection and infection j
detection.

w,(i,j) was determined as previously described [31] based on the estimated distance
between infections 7 and ji:

w,(i,j) = e ™ (3)

where d is the Haversine distance in km between health facilities to which index cases reported
(for index and household members) or inbound passenger destinations. The decay factor of 3
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was chosen as this distribution was previously observed in studies of Anopheles movement [31,
40, 41].

Reproductive numbers were determined by incorporating these time- and distance-based
transmission weights into a Wallinga Teunis model [30]. First, the relative likelihood p(i,j) that
case i was infected by case j was calculated based on the transmission weights described above:

plig) = w(i)) Y wlirk) (4)

k| t;>t

Next, the effective reproductive number for case j, R;, was calculated as the sum of p(i,j)
over all i such that ¢; > ¢;:

R= 3 plij) 5)

The effective reproductive number, Rt, was calculated as the mean R; for all individuals at a
given time ¢, smoothed over one-week time windows. The summary reproductive number R
was calculated as the average of all R;, excluding the first and last month of data collection.
Confidence intervals (95%) were determined by bootstrap resampling 1000 times.

We estimated 3 distinct transmission networks with differing definitions of relatedness
between pairs. Only PCR-positive community participants for whom we had PCR data for all
members of the household (1014 index cases, 978 household members) as well as inbound pas-
sengers who were RDT-negative (not treated) and PCR-positive (n = 98) were included in the
transmission network analyses (510 Fig). For the transmission network of malaria-infected
individuals, all pairs of PCR-positive infections within this subset were included in the analysis.
More stringent transmission networks informed by parasite haplotypes required individuals to
share at least one csp or one amal haplotype. Finally, for haplotypes observed in at least twelve
infections and present in both travelers and non-travelers, we also constructed haplotype-spe-
cific transmission networks (S3 Table).

For each transmission network, we estimated the contribution of travel to P. falciparum
transmission by removing individuals who reported travel and comparing summary R values
to corresponding networks that included all individuals using Bonferroni-corrected Wilcoxon
Rank-Sum test.

Data analysis and visualization

All statistical analyses and visualizations were performed in R (version 4.1.0) using the follow-
ing packages: tidyverse (version 1.3.1) [42], rstatix (version 0.7.0) [43], geosphere (1.5-14)
[44], EpiEstim (2.2-4) [45], igraph (1.2.7) [46], Hmisc (4.6-0) [47], tidygeocoder (1.0.5) [48],
lubridate (1.8.0) [49], ggpubr (0.4.0) [50], scales (1.1.1) [51], ggrepel (0.9.1) [52], irr (0.84.1)
[53], exactx2 (1.6.6) [54], flextable (0.6.9) [55], gtsummary (1.5.0) [56], infer (1.0.0) [57],
ggridges (0.5.3) [58], ggraph (2.0.5) [59], tidygraph (1.2.0) [60].

Supporting information

S1 Fig. Map of Kenya with county borders. Turkana County is outlined in orange. County
fill color denotes the number of trips to or from the designated county. The Kitale bus terminal
and Eldoret airport are marked with white points. The study area in Central Turkana is
highlighted with an inset map of health facilities to which index cases reported. Shapefile for
the map of Kenya and county borders obtained from the Humanitarian Data Exchange
(HDX), an open platform for sharing data across crises and organizations: https://data.hum
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data.org/dataset/cod-ab-ken. Inset map was created in QGIS (v 3.6.2-Noosa. Free and Open
Source. QGIS Association. http://www.qgis.org.
(TIF)

S2 Fig. Summary of travel histories stratified by case type. (a) Number of trips reported by
travelers. Note that survey limited the number of trips from the two months prior to enroll-
ment to 3, and the number of trips for inbound passengers includes the trip that led to enroll-
ment. Points represent median values. (b) Proportion of trips and residences (of inbound
passengers) with P. falciparum parasite rate in children ages 2-10 (PR(2-10)) in 2018-2019
greater than that of Turkana. PR(2-10) obtained from the Malaria Atlas Project [26]. Trips to/
within Turkana excluded.

(TIF)

S3 Fig. P. falciparum incidence, parasite density, and multiplicity of infection in index
cases, household members, and inbound passengers. (a) PCR-positive (colored) and nega-
tive (grey) participants by study month and case type. (b) Parasite density distribution by case
type. Points on x-axis represent median parasitemias for each case type. (c) Multiplicity of
infection determined by csp (left) and amal (right) haplotype counts in each individual. Points
on x-axis represent median MOIs for each case type.

(TIF)

$4 Fig. Distribution of haplotypes among individuals stratified by travel reported (purple)
or not reported (blue), case type, and setting.
(TIF)

S5 Fig. amal haplotype distribution and sharing in Central Turkana. (a) A majority of
amal haplotypes were detected at multiple sites across Central Turkana. Columns are indi-
vidual amal haplotypes, and colors indicate the proportion of samples harboring the haplo-
types detected at each of 6 enrollment sites. (b) The proportion of infection pairs sharing at
least one amal haplotype decreases with increasing time between infections. Each dot repre-
sents the proportion of all pairs separated by the indicated interval (with n = the color) that
shared at least 1 amal haplotype. (c) A marginal decrease in the proportion of individuals
sharing at least one amal haplotype with increasing distance (facility level) between infec-
tions was observed. Each dot represents the proportion of all pairs separated by the indicated
geographic distance (n = the color) that shared at least 1 amal haplotype. (d) The median
proportion of individuals sharing at least one haplotype was greater within the household
than outside the household. Within household, each dot represents the proportion of house-
hold members with whom an individual shared at least one haplotype. Outside household,
each dot represents the median proportion of subsampled (n = number of household mem-
bers, reps = 1000) infection pairs outside the household within +60 days that share at least
one haplotype.

(TIF)

S6 Fig. csp haplotype distribution by site throughout the study period.
(TIF)

S7 Fig. amal haplotype distribution by site throughout the study period.
(TIF)

S8 Fig. Candidate csp and amal haplotypes imported into study area in Turkana, Kenya.
Seven csp haplotypes and 11 amal haplotypes were potentially imported into the study area by
10 individuals. All potential importations occurred either through inbound passengers or
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index cases reporting to the St. Patrick health facility.
(TIF)

S9 Fig. Distribution of transmission weight inputs into Wallinga-Teunis model for (a) net-
work of all PCR-positive infections, (b) network of individuals sharing at least one csp hap-
lotype, (c) network of individuals sharing at least one amal haplotype.

(TIF)

$10 Fig. Individuals included in transmission analysis for determining effective reproduc-
tive numbers (R and Rt). Because household members were assigned maximum transmission
weights in the transmission network analysis, only those community participants for whom
we had qPCR data for all household members were included in the analysis. Those included in
the transmission analysis (black outline) are shown as a subset of all samples collected.

(TIF)

S11 Fig. Effect of reactive case detection on estimates of R. To understand how the reactive
case detection (RCD) format of this study may have impacted estimated R values, we simulated
RCD in a previously published household-based longitudinal cohort in Webuye, Kenya [31]
with varying limits on the number of households investigated per month. RCD was simulated
by identifying RDT-positive symptomatic malaria infections (simulated index cases) and sam-
pling household member samples from the next monthly visit closest in time to the index case
(simulated reactive case detection). Although (a) there were differences in the overall estimated
R between the full longitudinal cohort and the simulated, RCD datasets (Welch ANOVA

p < 0.0001), no systematic differences were observed when RCD events per month were
capped as they were in the present study. Additionally, there was good correlation between (b
and c) Rt estimates for the full dataset and for simulated RCD (Spearman rho 0.794,

p < 0.0001). Black line in (c) is line of identity.

(TIF)

S1 Table. Baseline characteristics of index cases, household members, and inbound passen-
gers.
(DOCX)

S2 Table. Characteristics of individuals carrying candidate imported haplotypes.
(DOCX)

$3 Table. Number of nodes in haplotype-specific transmission networks for csp and amal.
(DOCX)

S1 Checklist. Inclusivity in global research checklist.
(PDF)

Acknowledgments

We thank all of the participants in and traveling to Central Turkana who gave their valuable
time to participate in this study. We thank our field team, especially Dennis Okoth, Samuel
Karanja, Elvis Ekitela, Jackson Kapelo, Rose Adome, Valentine Ramati, Naomi Eyanai, Sister
Florence Wafula, and Ruth Areman.

Author Contributions

Conceptualization: Diana Menya, Amy Wesolowski, Steve M. Taylor, Andrew A. Obala,
Wendy P. O’Meara.

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000807  August 10, 2022 16/19


http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000807.s009
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000807.s010
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000807.s011
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000807.s012
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000807.s013
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000807.s014
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000807.s015
https://doi.org/10.1371/journal.pgph.0000807

PLOS GLOBAL PUBLIC HEALTH Plasmodium falciparum importation does not sustain malaria transmission in Turkana, Kenya

Data curation: Kelsey M. Sumner, Hannah R. Meredith.

Formal analysis: Christine F. Markwalter.

Funding acquisition: Steve M. Taylor, Andrew A. Obala, Wendy P. O’Meara.
Investigation: Elizabeth Freedman.

Methodology: Christine F. Markwalter, Amy Wesolowski, Elizabeth Freedman.

Project administration: Diana Menya, Daniel Esimit, Gilchrist Lokoel, Joseph Kipkoech,
Lucy Abel, George Ambani.

Supervision: Diana Menya, Amy Wesolowski, Lucy Abel, George Ambani, Steve M. Taylor,
Andrew A. Obala, Wendy P. O’Meara.

Visualization: Christine F. Markwalter.
Writing - original draft: Christine F. Markwalter.

Writing - review & editing: Diana Menya, Amy Wesolowski, Joseph Kipkoech, Elizabeth
Freedman, Kelsey M. Sumner, Hannah R. Meredith, Steve M. Taylor, Andrew A. Obala,
Wendy P. O’Meara.

References

1. Frerichs RR, Keim PS, Barrais R, Piarroux R. Nepalese origin of cholera epidemic in Haiti. Clinical
Microbiology and Infection. 2012; 18(6):E158—E63. https://doi.org/10.1111/j.1469-0691.2012.03841.x
PMID: 22510219

2. Maril, Bertuzzo E, Righetto L, Casagrandi R, Gatto M, Rodriguez-Iturbe |, et al. Modelling cholera epi-
demics: the role of waterways, human mobility and sanitation. Journal of The Royal Society Interface.
2012; 9(67):376-88. https://doi.org/10.1098/rsif.2011.0304 PMID: 21752809

3. Wesolowski A, Eagle N, Tatem AJ, Smith DL, Noor AM, Snow RW, et al. Quantifying the impact of
human mobility on malaria. Science. 2012; 338(6104):267—70. Epub 2012/10/16. https://doi.org/10.
1126/science.1223467 PMID: 23066082.

4. Wilder-Smith A, Leong W-Y, Lopez LF, Amaku M, Quam M, Khan K, et al. Potential for international
spread of wild poliovirus via travelers. BMC Medicine. 2015; 13(1):133. https://doi.org/10.1186/s12916-
015-0363-y PMID: 26044336

5. Grenfell BT, Bjgrnstad ON, Kappey J. Travelling waves and spatial hierarchies in measles epidemics.
Nature. 2001; 414(6865):716—23. https://doi.org/10.1038/414716a PMID: 11742391

6. Marguta R, Parisi A. Impact of human mobility on the periodicities and mechanisms underlying measles
dynamics. Journal of The Royal Society Interface. 2015; 12(104):20141317. https://doi.org/10.1098/
rsif.2014.1317 PMID: 25673302

7. Wesolowski A, Qureshi T, Boni MF, Sundsgy PR, Johansson MA, Rasheed SB, et al. Impact of human
mobility on the emergence of dengue epidemics in Pakistan. Proceedings of the National Academy of
Sciences. 2015; 112(38):11887-92. PMID: 26351662

8. Poletto C, Gomes MF, Pastore y Piontti A, Rossi L, Bioglio L, Chao DL, et al. Assessing the impact of
travel restrictions on international spread of the 2014 West African Ebola epidemic. Eurosurveillance.
2014; 19(42):20936. https://doi.org/10.2807/1560-7917.es2014.19.42.20936 PMID: 25358040

9. Grantz KH, Meredith HR, Cummings DAT, Metcalf CJE, Grenfell BT, Giles JR, et al. The use of mobile
phone data to inform analysis of COVID-19 pandemic epidemiology. Nature Communications. 2020; 11
(1):4961. https://doi.org/10.1038/s41467-020-18190-5 PMID: 32999287

10. Kraemer MUG, Yang C-H, Gutierrez B, Wu C-H, Klein B, Pigott DM, et al. The effect of human mobility
and control measures on the COVID-19 epidemic in China. Science. 2020; 368(6490):493-7. https://
doi.org/10.1126/science.abb4218 PMID: 32213647

11. Xiong C, Hu S, Yang M, Luo W, Zhang L. Mobile device data reveal the dynamics in a positive relation-
ship between human mobility and COVID-19 infections. Proceedings of the National Academy of Sci-
ences. 2020; 117(44):27087-9. https://doi.org/10.1073/pnas.2010836117 PMID: 33060300

12. Cosner C, Beier JC, Cantrell RS, Impoinvil D, Kapitanski L, Potts MD, et al. The effects of human move-
ment on the persistence of vector-borne diseases. J Theor Biol. 2009; 258(4):550-60. Epub 2009/03/
07. https://doi.org/10.1016/j.jtbi.2009.02.016 PMID: 19265711.

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000807  August 10, 2022 17/19


https://doi.org/10.1111/j.1469-0691.2012.03841.x
http://www.ncbi.nlm.nih.gov/pubmed/22510219
https://doi.org/10.1098/rsif.2011.0304
http://www.ncbi.nlm.nih.gov/pubmed/21752809
https://doi.org/10.1126/science.1223467
https://doi.org/10.1126/science.1223467
http://www.ncbi.nlm.nih.gov/pubmed/23066082
https://doi.org/10.1186/s12916-015-0363-y
https://doi.org/10.1186/s12916-015-0363-y
http://www.ncbi.nlm.nih.gov/pubmed/26044336
https://doi.org/10.1038/414716a
http://www.ncbi.nlm.nih.gov/pubmed/11742391
https://doi.org/10.1098/rsif.2014.1317
https://doi.org/10.1098/rsif.2014.1317
http://www.ncbi.nlm.nih.gov/pubmed/25673302
http://www.ncbi.nlm.nih.gov/pubmed/26351662
https://doi.org/10.2807/1560-7917.es2014.19.42.20936
http://www.ncbi.nlm.nih.gov/pubmed/25358040
https://doi.org/10.1038/s41467-020-18190-5
http://www.ncbi.nlm.nih.gov/pubmed/32999287
https://doi.org/10.1126/science.abb4218
https://doi.org/10.1126/science.abb4218
http://www.ncbi.nlm.nih.gov/pubmed/32213647
https://doi.org/10.1073/pnas.2010836117
http://www.ncbi.nlm.nih.gov/pubmed/33060300
https://doi.org/10.1016/j.jtbi.2009.02.016
http://www.ncbi.nlm.nih.gov/pubmed/19265711
https://doi.org/10.1371/journal.pgph.0000807

PLOS GLOBAL PUBLIC HEALTH

Plasmodium falciparumimportation does not sustain malaria transmission in Turkana, Kenya

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Sturrock HJW, Roberts KW, Wegbreit J, Ohrt C, Gosling RD. Tackling Imported Malaria: An Elimination
Endgame. The American Society of Tropical Medicine and Hygiene. 2015; 93(1):139—44. https://doi.
org/10.4269/ajtmh.14-0256 PMID: 26013369

Enns C, Bersaglio B. Pastoralism in the time of oil: Youth perspectives on the oil industry and the future
of pastoralism in Turkana, Kenya. The Extractive Industries and Society. 2016; 3(1):160-70. https://doi.
org/10.1016/j.exis.2015.11.003

Noor A, Macharia P, Ouma P, Oloo S, Maina J, Gogo E, et al. The epidemiology and control profile of
malaria in Kenya: reviewing the evidence to guide the future vector control2016.

Medecins Sans Frontieres. MSF responds to malaria outbreak in Turkana, Kenya 2019 [March 4,
2022]. https://msf.or.ke/en/magazine/msf-responds-malaria-outbreak-turkana-kenya.

Mulambalah CS. An evolving malaria epidemic in Kenya: A regional alert. CHRISMED Journal of Health
and Research. 2018; 5(2):162.

Meredith HR, Wesolowski A, Menya D, Esimit D, Lokoel G, Kipkoech J, et al. Epidemiology of Plasmo-
dium falciparum Infections in a Semi-Arid Rural African Setting: Evidence from Reactive Case Detection
in Northwestern Kenya. The American Journal of Tropical Medicine and Hygiene. 2021; 105(4):1076—
84. https://doi.org/10.4269/ajtmh.21-0256 PMID: 34339387

Tessema SK, Raman J, Duffy CW, Ishengoma DS, Amambua-Ngwa A, Greenhouse B. Applying next-
generation sequencing to track falciparum malaria in sub-Saharan Africa. Malaria journal. 2019; 18
(1):268-. https://doi.org/10.1186/s12936-019-2880-1 PMID: 31477139.

Tessema S, Wesolowski A, Chen A, Murphy M, Wilheim J, Mupiri A-R, et al. Using parasite genetic and
human mobility data to infer local and cross-border malaria connectivity in Southern Africa. eLife. 2019;
8:€43510. https://doi.org/10.7554/eLife.43510 PMID: 30938286.

Chang H-H, Wesolowski A, Sinha |, Jacob CG, Mahmud A, Uddin D, et al. Mapping imported malaria in
Bangladesh using parasite genetic and human mobility data. eLife. 2019; 8:€43481. https://doi.org/10.
7554/eLife.43481 PMID: 30938289

Wesolowski A, Taylor AR, Chang H-H, Verity R, Tessema S, Bailey JA, et al. Mapping malaria by com-
bining parasite genomic and epidemiologic data. BMC Medicine. 2018; 16(1):190. https://doi.org/10.
1186/s12916-018-1181-9 PMID: 30333020

Daniels RF, Schaffner SF, Wenger EA, Proctor JL, Chang H-H, Wong W, et al. Modeling malaria geno-
mics reveals transmission decline and rebound in Senegal. Proceedings of the National Academy of
Sciences. 2015; 112(22):7067. https://doi.org/10.1073/pnas.1505691112 PMID: 25941365

Roh ME, Tessema SK, Murphy M, Nhlabathi N, Mkhonta N, Vilakati S, et al. High Genetic Diversity of
Plasmodium falciparum in the Low-Transmission Setting of the Kingdom of Eswatini. The Journal of
Infectious Diseases. 2019; 220(8):1346—54. https://doi.org/10.1093/infdis/jiz305 PMID: 31190073

Pringle JC, Tessema S, Wesolowski A, Chen A, Murphy M, Carpi G, et al. Genetic Evidence of Focal
Plasmodium falciparum Transmission in a Pre-elimination Setting in Southern Province, Zambia. The
Journal of Infectious Diseases. 2018; 219(8):1254—63. https://doi.org/10.1093/infdis/jiy640 PMID:
30445612

Malaria Atlas Project. Malaria Atlas Project Plasmodium Falciparum Parasite Rate Database. In:
Malaria Atlas Project, editor. Oxford United Kingdom.

Baker RE, Mahmud AS, Miller IF, Rajeev M, Rasambainarivo F, Rice BL, et al. Infectious disease in an
era of global change. Nature Reviews Microbiology. 2021. https://doi.org/10.1038/s41579-021-00639-z
PMID: 34646006

Nelson CS, Sumner KM, Freedman E, Saelens JW, Obala AA, Mangeni JN, et al. High-resolution
micro-epidemiology of parasite spatial and temporal dynamics in a high malaria transmission setting in
Kenya. Nature Communications. 2019; 10(1):5615. https://doi.org/10.1038/s41467-019-13578-4
PMID: 31819062

Gostic KM, McGough L, Baskerville EB, Abbott S, Joshi K, Tedijanto C, et al. Practical considerations
for measuring the effective reproductive number, Rt. PLOS Computational Biology. 2020; 16(12):
€1008409. https://doi.org/10.1371/journal.pcbi.1008409 PMID: 33301457

Wallinga J, Teunis P. Different Epidemic Curves for Severe Acute Respiratory Syndrome Reveal Simi-
lar Impacts of Control Measures. American Journal of Epidemiology. 2004; 160(6):509—16. https://doi.
org/10.1093/aje/kwh255 PMID: 15353409

Sumner KM, Freedman E, Abel L, Obala A, Pence BW, Wesolowski A, et al. Genotyping cognate Plas-
modium falciparum in humans and mosquitoes to estimate onward transmission of asymptomatic infec-
tions. Nature Communications. 2021; 12(1):909. https://doi.org/10.1038/s41467-021-21269-2 PMID:
33568678

2019 Kenya Population and Housing Census: Distribution of Population by Administrative Units. Nai-
robi: Kenya National Bureau of Statistics; 2019.

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000807  August 10, 2022 18/19


https://doi.org/10.4269/ajtmh.14-0256
https://doi.org/10.4269/ajtmh.14-0256
http://www.ncbi.nlm.nih.gov/pubmed/26013369
https://doi.org/10.1016/j.exis.2015.11.003
https://doi.org/10.1016/j.exis.2015.11.003
https://msf.or.ke/en/magazine/msf-responds-malaria-outbreak-turkana-kenya
https://doi.org/10.4269/ajtmh.21-0256
http://www.ncbi.nlm.nih.gov/pubmed/34339387
https://doi.org/10.1186/s12936-019-2880-1
http://www.ncbi.nlm.nih.gov/pubmed/31477139
https://doi.org/10.7554/eLife.43510
http://www.ncbi.nlm.nih.gov/pubmed/30938286
https://doi.org/10.7554/eLife.43481
https://doi.org/10.7554/eLife.43481
http://www.ncbi.nlm.nih.gov/pubmed/30938289
https://doi.org/10.1186/s12916-018-1181-9
https://doi.org/10.1186/s12916-018-1181-9
http://www.ncbi.nlm.nih.gov/pubmed/30333020
https://doi.org/10.1073/pnas.1505691112
http://www.ncbi.nlm.nih.gov/pubmed/25941365
https://doi.org/10.1093/infdis/jiz305
http://www.ncbi.nlm.nih.gov/pubmed/31190073
https://doi.org/10.1093/infdis/jiy640
http://www.ncbi.nlm.nih.gov/pubmed/30445612
https://doi.org/10.1038/s41579-021-00639-z
http://www.ncbi.nlm.nih.gov/pubmed/34646006
https://doi.org/10.1038/s41467-019-13578-4
http://www.ncbi.nlm.nih.gov/pubmed/31819062
https://doi.org/10.1371/journal.pcbi.1008409
http://www.ncbi.nlm.nih.gov/pubmed/33301457
https://doi.org/10.1093/aje/kwh255
https://doi.org/10.1093/aje/kwh255
http://www.ncbi.nlm.nih.gov/pubmed/15353409
https://doi.org/10.1038/s41467-021-21269-2
http://www.ncbi.nlm.nih.gov/pubmed/33568678
https://doi.org/10.1371/journal.pgph.0000807

PLOS GLOBAL PUBLIC HEALTH

Plasmodium falciparumimportation does not sustain malaria transmission in Turkana, Kenya

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.
45.

46.

47.
48.

49.

50.
51.
52.

53.

54.

55.
56.

57.

58.
59.

60.

Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, et al. Genome sequence of the human
malaria parasite Plasmodium falciparum. Nature. 2002; 419(6906):498-511. https://doi.org/10.1038/
nature01097 PMID: 12368864

Hall N, Pain A, Berriman M, Churcher C, Harris B, Harris D, et al. Sequence of Plasmodium falciparum
chromosomes 1, 3-9 and 13. Nature. 2002; 419(6906):527—-31. https://doi.org/10.1038/nature01095
PMID: 12368867

Bushnell B. BBMap.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics. 2014; 30(15):2114—-20. https://doi.org/10.1093/bicinformatics/btu170 PMID: 24695404

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. 2011. 2011;
17(1):3. Epub 2011-08-02. https://doi.org/10.14806/ej.17.1.200

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: High-resolution
sample inference from lllumina amplicon data. Nature Methods. 2016; 13(7):581-3. https://doi.org/10.
1038/nmeth.3869 PMID: 27214047

Huber JH, Johnston GL, Greenhouse B, Smith DL, Perkins TA. Quantitative, model-based estimates of
variability in the generation and serial intervals of Plasmodium falciparum malaria. Malaria Journal.
2016; 15(1):490. https://doi.org/10.1186/s12936-016-1537-6 PMID: 27660051

Midega JT, Mbogo CM, Mwambi H, Wilson MD, Ojwang G, Mwangangi JM, et al. Estimating Dispersal
and Survival of Anopheles gambiae and Anopheles funestus Along the Kenyan Coast by Using Mark—
Release—Recapture Methods. Journal of Medical Entomology. 2007; 44(6):923-9. PMID: 18047189

Thomas CJ, Cross DE, Bggh C. Landscape Movements of Anopheles gambiae Malaria Vector Mosqui-
toes in Rural Gambia. PLOS ONE. 2013; 8(7):e68679. https://doi.org/10.1371/journal.pone.0068679
PMID: 23874719

Wickham H, Averick M, Bryan J, Chang W, McGowan LDA, Francois R, et al. Welcome to the Tidy-
verse. Journal of open source software. 2019; 4(43):1686.

Kassambara A. rstatix: Pipe-Friendly Framework for Basic Statistical Tests. R package version 0.7.0
ed2021.

Hijmans RJ. geosphere: Spherical Trigonometry. R package version 1.4—-14 ed2021.

Cori A. EpiEstim: Estimate Time Varying Reproduction Numbers from Epidemic Curves. R package
version 2.2—4 ed2021.

Csardi G, Nepusz T. The igraph software package for complex network research. InterJournal. 2006;
Complex Systems:1695.

Harrell FE. Hmisc: Harrell Miscellaneous. R package version 4.6—-0 ed2021.

Cambon J, Hernangémez D, Belanger C, Possenriede D. tidygeocoder: An R package for geocoding.
Journal of Open Source Software. 2021; 6(65):3544.

Grolemund G, Wickham H. Dates and Times Made Easy with lubridate. Journal of Statistical Software.
2011; 40(3):1-25. https://doi.org/10.18637/jss.v040.i03

Kassambara A. ggpubr: ‘'ggplot2’ Based Publication Ready Plots. 2020.
Wickham H, Seidel D. scales: Scale Functions for Visualization. R package version 1.1.1 ed2020.

Slowikowski K. ggrepel: Automatically Position Non-Overlapping Text Labels with 'ggpot2’. R package
version 0.9.1 ed2021.

Gamer M, Lemon J, Pspendra Singh IF. irr: Various Coefficients of Interrater Reliability and Agreement.
R package version 0.84.1 ed2019.

Fay MP. Confidence intervals that match Fisher’s exact or Blaker’s exact tests. Biostatistics. 2009; 11
(2):373—4. https://doi.org/10.1093/biostatistics/kxp050 PMID: 19948745

Gobhel D. flextable: Functions for Tabular Reporting. R package version 0.6.9 ed2021.

Sjoberg DD, Whiting K, Curry M, Lavery JA, Larmarange J. Reproducible Summary Tables with the
gtsummary Package. R Journal. 2021; 13(1).

Bray A, Ismay C, Chasnovski E, Couch S, Baumer B, Cetinkaya-Rundel M. infer: Tidy Statistical Infer-
ence. R package version 1.0.0 ed2021.

Wilke CO. ggridges: Ridgeline Plots in ’ggplot2’. R package version 0.5.3 ed2021.

Pedersen TL. ggraph: An Implementation of Grammar of Graphics for Graphs and Networks. R pack-
age version 2.0.5 ed2021.

Pedersen TL. tidygraph: A Tidy API for Graph Manipulation. R package version 1.2.0 ed2020.

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000807  August 10, 2022 19/19


https://doi.org/10.1038/nature01097
https://doi.org/10.1038/nature01097
http://www.ncbi.nlm.nih.gov/pubmed/12368864
https://doi.org/10.1038/nature01095
http://www.ncbi.nlm.nih.gov/pubmed/12368867
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1186/s12936-016-1537-6
http://www.ncbi.nlm.nih.gov/pubmed/27660051
http://www.ncbi.nlm.nih.gov/pubmed/18047189
https://doi.org/10.1371/journal.pone.0068679
http://www.ncbi.nlm.nih.gov/pubmed/23874719
https://doi.org/10.18637/jss.v040.i03
https://doi.org/10.1093/biostatistics/kxp050
http://www.ncbi.nlm.nih.gov/pubmed/19948745
https://doi.org/10.1371/journal.pgph.0000807

