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RESUMEN

Introducciéon: Comprender los factores que influyen en el comportamiento de Ny.
darlingi es clave para optimizar las intervenciones; este estudio analiza esas
variables para aportar evidencia til a los programas de control. Metodologia:
Entre 2016 y 2017 se realizaron colectas mosquitos con cebo humano en el intra y
peri-domicilio en cuatro comunidades amazonicas para evaluar abundancia,
picadura horaria, paridad y estacionalidad. Resultados: Se capturaron 4,299 Ny.
darlingi, de los cuales el 80% (3,420) fueron en la temporada de lluvia. La
abundancia fue mayor en comunidades riberefias, Lupuna registr6 un HBR méaximo
de 43.8 picaduras-persona en el peri-domicilio. Sta. Emilia fue la tnica con
transmision activa, alcanzando un EIR de 0.427 en lluvias. En contraste, en
comunidades de carretera, aunque la densidad fue baja, se observé una longevidad
maxima de 8.7 dias y paridad de 100% en marzo en El Triunfo. La mayoria de
picaduras ocurri6 en el peri-domicilio, principalmente entre las 18:00-21:00 h. En
la temporada de lluvias la paridad alcanz6 65%, frente a 37% en seca. Discusion:
Estos hallazgos evidencian que la transmision de malaria se concentra en
comunidades riberefias y durante la temporada de lluvias, lo que resalta la necesidad
de priorizar intervenciones vectoriales en esos contextos. La actividad exofilica
temprana disminuye la eficacia de LLINs e IRS, lo que refuerza la importancia de
estrategias  complementarias en el  peri-domicilio. = Conclusion: Ny.
darlingi presentd mayor abundancia y transmision en comunidades riberefias, con
actividad exofilica temprana y estacionalidad que favorece poblaciones longevas
en época de lluvias

Palabras claves: Ny. darlingi, exofilia, estacionalidad, paridad y control vectorial.



ABSTRACT

Introduction: Understanding the factors that shape the behavior of Ny. darlingi is
key to optimizing interventions. This study analyzes those variables to provide
useful evidence for control programs. Methods: From 2016 to 2017, human
landing catches were conducted indoors and in peri-domestic areas across four
Amazonian communities to evaluate abundance, biting activity, parity, and
seasonality. Results: A total of 4,299 Ny. darlingi were collected, of which 80%
(3,420) were during the rainy season. Abundance was higher in riverine
communities, with Lupuna recording a maximum HBR of 43.8 bites/person/night
in peri-domestic sites. Santa Emilia was the only community with active
transmission, reaching an EIR of 0.427 during the rainy season. In contrast, in road-
linked communities, although density was lower, El Triunfo showed a maximum
longevity of 8.7 days and 100% parity in March. Most bites occurred in peri-
domestic areas, especially between 18:00—21:00 h. During the rainy season, parity
reached 65% compared to 37% in the dry season. Discussion: These findings
indicate that Ny. darlingi transmission is concentrated in riverine communities and
during the rainy season, highlighting the need to prioritize vector interventions in
these settings. Early evening exophagic activity reduces the effectiveness of LLINs
and IRS, underscoring the importance of complementary peri-domestic strategies.
Conclusions: Ny. darlingi showed greater abundance and transmission in riverine
communities, with early exophilic activity marked seasonality favoring long-lived

populations during the rainy season.

Keywords: Ny. darlingi, exophily, seasonality, parity, vector control.
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Effect of spatiotemporal variables

on abundance, biting activity and parity

of Nyssorhynchus darlingi (Diptera: Culicidae)
in peri-lquitos, Peru

Sara A. Bickersmith', Mardan P Saavadra’, Catharing Prussing®, Rachel E. Lange®, Juliana A Maralas®,
Freddy Alava’, loseph M. Vinetz™*, Dionica Gamboz®, Marta Mareno® and Jan E. Conn™
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Abstract

Background Inrralania endenic regions of the Perudan Armazan, rainfall ogether with river level and breading sice
availabilicy drive flucuating veotar mesquiteo abundance and human malaa cases, leading 1o erngoral keleragene-
ity The rrain variables influencing spatial transmission include location of cosmmunities, masquite behaviowr, land
usefland cover, and hurnan ecology/behaviour. The main objective was 1o evaluae seasonal and micrageagraphic
liting behaiour of the ralaia veetor Myssedyrchug (or Anopheks) dadingi in Amazonian Peru and 1o investigate
affects of seasonaliny on malana transmission,

Methods We capiured rasquitees froem 1ED0 1 DEOD F wsing Hurnan Landing Catch in Do riverine ([Lupuna, Sanla
Emilial and T higFay (Bl Triunfo, Muews Horizoeate) cormunities indoaes and outdoaes fram B Rouies per oo
rriusity, dufing the dry and rainy seasons e February 2016 to January 2017 We then astimated parity e, daily
surdval and age of 8 pomion of sach collectian of My daringl 2l collected spedirnens of by danfngs were Tested

for the presence of Placmodioe veox of Saseodiuer fpanin sporsaeites wing real-tins FCR targeting the snall
subsanit of the 185 A

Results Abundance of Ny daringd waried acnoss vilage, season, and biting beheviour (indaar w8 sutdoar),

and was highly sigrificant berween rainy and dry seasons (a-<00001). Biting parterrs differed, Athouwgh net sg-
nificantly, and persisted regardless of season, with peaks in highway communities a0- 20400 b in corimast o k-

ing Cheowghowt the right (e, 1 300-08:00) i riverine communities OF 3721 Ny, daringi tested for Pasmadiven, 23
0620 were infected. We detected Blasmodive-infected Me darbing in both cosnmunity types and mast (20423}
were capiured outdooes during the rany season; 17,23 bafore rmidnight. Seveneen My, dadieg were infected with P
v, and & with P faicipanm. Mainfected Ny dorng were captured dusing the dry season Significantly higher
rares of parity were detected in Ny darfngd dusing the rairy season (average G655 werius the dry seaian [average
3651} and by cammunity, Lupuna, a fivenine village, had the highest proportion of parsus 1o ruliparcus females
durineg the tainy seasan.
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Condusions Thase data add a seasonal dimension to malsia ransmigsion in peri-luites, providing mione evidanda
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that, at least locally, the greatest risk of malaria ransmission is outdaors during the rairy seasan mairky before mid-
night, iresgeactive of whether the comemunity was located adjacent 1o the highway ar eng the river,

Keywords Myssarhymohus darkingy, Amazonian Peru, Malaria ransmission, Vectors, Abundance, Seasonality

Background

Malaria remains a pressing global health issue despite
numercus intervention and treatment eforts, ie., follow-
ing a decade-long decrease, the Warld Health Organiza-
tion {WHO) reported a worldwide increase of 8 million
cases betweesn 1015 and 2007, with an annual death
toll estimated at 450,000 persons [1=3]. Owverall, in the
Americas, Peru contributes annually about 15% of cases
|3), and within Peru, Loreto Department in northeastern
Amazonian Peru accounts for most {90%) of the country-
wide cases [4].

Myrsorfpnchu denlingl (also known as Anoplrefes dior-
fingi (|5]) is the main vector of Plaswodinm transmission
in and around the capital of Loreto, lguitos, since its ini-
tial detection there [6] at the beginning of 2 major malaria
epidemic |7]. This mosquito species sobsequently spread
extensively, likely along river systems |8, 9| through many
parts of Amazonan Peru. Transmission hotspots ococur
mainly in the extensive network of riverine villages and
along the lguitos-MNauta highway, linked frequently to
oooupation {logging. charcoal production, agriculture,
fish farming) [10=12|. Understanding malaria transmis-
sion in such diverse community types could help elimi-
nation efforts and reduction of the overall malaria case
burden in Peru.

Myssarfgpnchus darlingl is a dominant malaria vector
becausze of its anthropophily, behavioural plasticity |15,
14| and preference for secondary forest and forest frag-
ment edges |15, 16]. Frequently collected biting outdoors
in mamy Peruvian communities [17-19] in some villages
in Colombia and Brazil it bites frequently indoors |2,
21]. In general malaria vector biting lecation (indoaors,
outdoars) and time, can be modibed by the use of IRS
[imsecticide residual sprayl andfor LLINs (long-lasting
insecticide nets) |14, 22, 23). Access to a human bleod-
meal |18];, and environmental factors swoh as local tem-
perature and  humidity, also influence vector biting
behaviour. The average infectivity rate of Ay danling in
Pern ranges from 01 to 4% (17, 18, 24|, but thronghout
the Amazon Basin elevated human biting rates (HER)
can contribate to higher-than-expected vectorial capac-
ity [25, 26]. Feeding on humans is common but bleod-
meal analyses have demonstrated that hosts can include
chickens, dogs and cattle, depending on bocal availability
and accessibility |12, 21]. Biting in Pero ocours mainly
between dusk and midnight with reported animodal

and bimodal peaks |9, 14). The Global Fund Malaria Pro-
ject PAMAFRD programme |27] was introduced in the
Loreto Fegion, Amazonian Peru, in 3006 for § years to
reduce malaria transmission. The primary interventions
were strengthening of malaria diagnosis and detection,
improved malaria case-management, use of insscticide-
treated nets {ITHs) and encouragement of community
participation in environmental management [28, 28], The
main ouwtcome, by 20010, was the reduction in annual inci-
dence rates from 489 to 116/ 1004 | 28 ). Stedies in Loreto
prior to the 2005-2010 PAMAFRD initiative detected
near-equal proportbons of &y darfingt biting indoors and
outdaors |24), but since the end of the PAMAFRO pro-
gramme, a long-lasting insecticidal net (LLIN] distribuw-
tion campaign by the Ministry of Health, and the Malaria
Cere Programme (MCP) initiated in 2007 [30], several
communities have shown increased outdoor-biting |17,
1%]. However, in bocalities where insecticide pressure
was relaxed, My adarfingi again began to bite indoors fre-
quently [14]. This shift to increased indoor biting appears
to have resulted from behavioaral plasticity, and perbaps
alsa aging of LLINs, as opposed to hypothesized genetic
differences in Ny, danling! populations in Loreto |9, 14].

The enviromment is a powerful driver of mosquoito-
barne disease prevalence (31, 32|, Throughout much of
the Amazon, the greatest risk of malara transmission is
during the rainy season |15, 17, 33|, or during the wet-
dry transition period |34]. Across the Brazilian Amazon,
the length of the miny season, as well as 2 range of socio-
economic factors, contribute the most to malaria risk
|55). This fAinding i= consistent with earlier observations
that rainfll may predict vector abundance |34), although
a study in French Guiana determined that relationships
between Ny, darlingl densities, malaria incidence, rainfall
and waber level were quite variable, depending on local
lamd -cower and availability of suitable breeding habirat
|3&). In Amazonian Pera, rainfall leads to an estimated
10 m increase in river levels and contributes to the gen-
eration of larval habitats |15, 37]. Seasonal abundance
makes studying vectar ecology and behavioar in the dry
season difficalt as numbers of specimens collected are
frequently very low; malaria incidence is also reduced
[11].

MNyssarfynchus darlingd is highly adapted to anthro-
pogenic landscapes. In Brazil, deforestation patches
of~5 km® were significantly cocrelated with malaria
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prevalence |[16], partly dues to this species” preference
for forest fringe habitar |38, 39). Along the lquitos-
Maata highway in Peru, Vittor et al [15] found a 275-fold
increase in the Human Biting Rate [HER) and greater
numbers of larval habitats in sites with high deforesta-
tiore Diespite higher forest coverage in riverine com-
munities compared to those located abong highways,
Lainhart et al |9 detected a 3.35-fold higher rate of
Plasmodiier transmission in riverine communities, in
addition to higher rates of HBR, infecton rates ([R), and
entomological moculation rates (EIR). Understanding
hahitat-specific infloences on Ny derlingt behaviour in
anthropogenic landscapes can help predict areas of great-
est bocal risk of Plaswodium transmisstan.

This study aimed to understand the environmental
effects of commaunity location and ssascnality on mos-
quita shundance, biting behaviour, and entomaological
indices linksd to malaria transmission of the primary
malaria vector, Ny darfingd, in Loreto Department souwth
of [quitos, Pera. Unlike previous temporal studies of A
dariingt abundance |9, 14, 17| we were able to include dry
season data in addition to the more common rainy sea-
son findings from four communities.

Methods

Spusdy sites

Adult mosguita collections were conducted in four
communities in Loreto Department southwest of Igui-
tos (3.74°8, 75.15"W) that wers each vicited six times
[except for El Triunfo that was visited seven times), in
2016-2017. Depending on lecality, 3-4 collectons were
undertaken during the miny season and 2-3 during
the dry season (Tahle 1} Two communities stdied are
along rivers (Lupuna and Santa Emilia} and twe along
the Iquitos-Mauta highway [Mueve Horizonte and El Tri-
unfo} (Fig. 1}. These sites have been described elsewhere:
Lupuna (LUP) by Moreno «t al |17], Santa Emilia (SEM)
by Prassing et al. [14], and Nuevo Herizonte (MHO) and
El Triunfo {TRL} by Lainhart et al [9]. As in Lainhart
et al. 9], community habitat assignment was determined
by proximity of the settlement to the nearest river: riv-
erine localities weres 1 km and highway bocalities = 2 km
from the nearest river

Mosguito sampling

We used the Human Landing Catch {HLC) method to
collect adult mosquitoes indeors and cutdoors [within
five meters of the main house doar) during four nights
per collection event {a botal of bwenty-eight nights per
oommunity). We randomly chose sight houses and dur-
ing each consecutive night, we captured mosquitoes from
two of these houses. Every collection was condwcted
from L8:00 to (:00 b, and collectors rotated every three
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howrs to account for the effects of individoal collector
variation on attractivensss to mosguitoes. All mosgui-
toes captured were separated by hour, trap site location
(indoorfoutdoor), and by community, and subsequently
identified using external morphology at our laboratory in
[quitas by trained personnel using standard keys [40-42).
Specimens were maintained on silica gel at 4 *C until
DA extraction.

Farity, daily survival Fate, and life expectancy

To estimate female age composition of the mosquito pop-
ulation, a proportion (%% or more depending on total
numbers captured, except for Jan-2006 in WHO where
mane were assessed for parity) of females collected were
diszected to determine parity rates (PR}, daily survival,
and age estimation per community per season. Mosguito
life expectancy (longevity) in days was calculated by
Davidson’s methad [43]: Age = ?. where £ is the natu-
ral logarithm of the constant 271828 and P is the proba-
bility of a mosguite surviving one day [daily swrvival
ratel. ® was calcalated as: P = PR |44, where PR i
the ratio between the number of parcus mosquitoes o
tatal number of females dissected, and ge the duration of
the gonotrophic cycle {days). As in Moreno et al |18], the
gonotrophic cycle of 2.19 davs was used for rainy season
callecticns, and 2.45 for dry season collections [45).

Malecular detection af sporcaaites in Ny daning
Genomic DMA was extracted from each specimen of
Ny darlingi using (hagen DMArasy blood & tissue kits
[Cragen, Hilden, Germany). and DNA guantification
oondwoted with a Qubit 2.0 Fleorometer {ThermoFisher
Screnithe, Waltham, MAJL Detection of Masswodinom
infection was conducted wsing real-time PCE targeting
the small subunit of the 185 rREMA, with a triplex Taghdan
aszmay (Life Technologies), as previously described [446].
ET-PCR was conducted on poals of DNA of up to fve
mosguitoes, in equal DNA concentration, for the pres-
ence of P owviwmer and P felciparioe. Specimens from
pasitive poals were tested individually to calculate the
imfection rate (1R}

Data analysis

The homan biting rate {HBR] wasz evaluated as the
average number of Ny dariiegi hites per collector per
night. This was based on the total number of Ny dar-
lirgi collected. As in Lainhart et al. [9], human hiting
time patterns were graphed, plotting the average pro-
portion of Ny darlimgl collected per hour comparing
rivering (LUF and SEM) and highway (MHO and TRI)
coemmunities; and then tested for signifcant difber-
ences with the nonparametric Kolmogorowv-Smirnoy
[K5) test in GraphPad Prism wersion 5.2.0 {Graphpad
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Table 1 Manthly aburdance, HBR ard EIR of Myrontyancbur daring’ captured indoar and condiaar in Lupuna (LU, Sara Emilia {SEM),

El Triurvda {TRIL and Hueyt Horzanke (NEC], 2M8-2017F

Indoor Cutdoor
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Jare 7 172 METS 500 i MraL L0
Submoial S 1243

SErd Pk 18 RLF raf1al el rr BLE LR LIS Fi
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My 15 4] pi1ed il ] 1 1508 0500
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Subnatal &14 1136

TR Jane s k] [ il ] F ) 1503 0500
AT ' ] el ] AW il i}
Fug-ih L] feki] QUHE L PALEL | il L]
ac16 5 L&) QU 13 1 B3] D00
N 16 3 4L 1) QU 12 1 S0 K LE
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oo 18 15 H15) [T 1] 13 1504) QU0
T 16 1§ LI [T 1] 14 k| v ] QD0
Apr-1F L1 BT Qs s rLa ki
Subrictal 1 ]
TOTAL 1475 JE24

Mot tHhywar of colb 3 bear of M. doring 131 Human Biting Rate; B represenis the resrege bty per perion pes nigit ihipin] cakculated
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meaila=h izr Y2 Janoary 1007 Halkoesd lines ndizeta minp sanos collesbon

Software, San Diego, CA). We calculated the Entomao-
logical Inoculation Rate (EIR) by multiplying the HER
by the proportion of My darling! that were determined
te bhe Plaswadism-positive by RET-PCR. Sporozo-
ite rates were calculated using the number of positive
mosquitoes for Masmodinm divided by the total num-
ber of mosquitoes tested. To caloulate the monthly
EIR, we combined the numbers of £ vivax and £ fal-
ciparum and then multiplied the HBE by the propor-
tion af infected specimens per month. Our rationale for
combining these two Plasmodium species is that even
though in the 1990s more Ny darlingl were found to
be infected by P falciprram compared with £ vivax in

Loreto |24], more recent studies have found the oppo-
site [10, 14, 1%, 47].

To test the hypothesis that the peak biting time of A
dardingi in riverine and highway communities differs, we
used awverage proportions of Ny daniepl collected per
haour in the four communities and tested for significance
with the K5 statistical test [9].

Count data of all Ny darlingi collected in 2006-2017
rainy and dry seasons, across all four collection sites,
were analysed (Additional Rle 1} in RStudio version
1215035 (R 4.0.2; R CORE TEAM). To accommindate the
overdispersion in oar dataset, negative binomdal regres-
sion models, using forward and backward stepwize
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daning/ were colected for this study, Red rectangle ndicates the enlarged Loseto region of Pemu Made with Natural Earth data n QGES vi

selection for variable selection, were conducted with the
MASS package |48]. The glm.nb() function, was utilized
with the following independent variables: season (dry/
rainy), site, biting location (indoor/outdoor), 3-h time
period (18:00-21:00, 21:00-24:00, 24:00--03:00, 03:00-
06:00), and their interactions. A nonparametric Kruskal-
Wallis analysis was also conducted on the count data for
comparison to the negative binomual regression results.
Count data of the parous and nulliparous female Ny.
darlingi in the rainy and dry seasons, across the four
collection sites, were analysed (Additional file 2) in
RStudio version 1.25033 (R 4.0.2; R CORE TEAM).
We conducted negative binomial regression models as
abave but using the following independent variables: sea-
son (dry/rainy), site, and 6-h time period (18:00-24:00,
24:00-06:00), and their interactions. Some of the vari-
able categories (site, indoor/outdoor, 3-h time period)
were collapsed due to small sample sizes, e.g. of nullipa.
rous females in TR during the rainy season {see Table 2).
The parity rates between community (LUP, SEM, TR],
NHOQ), season (rainy, dry) and community type (highway,

riverine) were compared using the chi-square test with a
statistical significance of P<0.05 in GraphPad Prism ver-
sion 9.5.1 for Windows, GraphPad Software (San Diego,
California, USA).

Results

Mosquito capture data and entomological indices

Overall, 4330 Anophelinae were collected during this
study, of which 4,299 were identified morphologically
as Ny. darlingi. The rainy season accounted for 3420
individual Ny. danling! specimens {79.55%), and the dry
season for 879 (2045%). Using ITS2-PCR-RFLP as in
Matson et al. [49], we identified one Nyssorhymchus
berarrochi B individual from SEM. Thirty specimens that
were provisionally morphologically identified as non-Ny.
darlingi faded to amplify, could not be identified molecu-
larly, and were excluded from all analyses.

The HBR of Ny. darfingi ranged from 0.4 bites per night
(b/p/n) indoors in TRI (highway) to 43.8 b/p/n outdoors
in LUP (riverine) (Table 1} and was generally higher dur-
ing the rainy season (Table 1). The final collection of Ny.
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darlingi in January 2007 from 5EM was naot analysed for
Plasmodinne for logistical reasons, thus a total of 3,721
Ny darlingl were tested for Plasmaodium. OF thess, 23
[LE2%) were infected. In the localities where Plasmo-
dinm-infected Ny darlingi were detected {Fig- 2], the EIR
ranged from a high of 0L909 gutdoors in NHO (highway)
to a low of 0.1 indoors in SEM {riverine) (Table 1).
Ma infected My darlingi were collected during the dry
SEAS0I.

Pasity, daily survival rate, and life expectancy
We dissected 1 405/4.29%9 or 33% of the total number of

My. dariingi from the four localities (Table 2). There were

637 parous, 635 gravid and 131 nulliparous Ny denlingd
detected (Table 2 and Additional Ble 1: Fig- 51). The PFE
in the rainy season ranged from 0.28 in LUP—L00 in TEI
whereas during the dry season it was (14 in LUP—{L&2
im SEML. [n the four localities, the average estimated mos-
quito age was somewhat higher during the rainy season
[range 1.73=871 days) compared with the dry season
[range 1.22-5.07 days), and the highest mosquito age
was detected in TR during the rainy season (871 days).
There was a significant difference in the proportion of
parous mosquitoes by site (=804, df=3, P=0.0452) as
well as season (f? =621, df=1, P=00033), but not for
comamunity type {1f =37H, df=1, P=(0536),
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Seascnal, location lindoorfoutdoor] and community
effects

[n gemeral, more My, darlirgl were captured during the
rainy season comparsd with the dry season. Regardless of
commundty or season, more A daonilegl were captored
outdoars than indoors fram all foor sites; more were cap-
tured in riverine [LUP. SEM) than highway [TRL BHO)
communities | Table 1; Fig. 2j. Regardless aof location, sea-
s0n O comamunity type. My danliegd bit throughout the
night, although thers was a more pronounced early even-
ing peak in the highway communities of TEI and NHO
between 15200 and 2100 compared with LUP and SEM
[Additional file - Figs. 52 and 53). There were no signif-
cant differences detected in biting patterns by the K5 test
[p=0.8475 Fig. 3).

Results from negative binomial regression indicated
significant differences in counis across sites, season,
time period, and between indoor and outdoor captures
[Table 3). Compared to the three other collection sites,
significantly more Ny darlingl were captured in LUP In
addition, more mosquitces were collected dunng the
rainy than dry season, outdoors versus indoars, and dur-
ing the first time pericd (1200-2120) across all sites.
Significant interactions (time peried X indoor/outdoor,
season X time pertod, season X site, and site X indoor!
outdoor] saggest that these relationships are contextu-
ally dependent. & few of these interactions were signifi-
cant only for TRl in comparison to LUP: season X site
[indicating a lower mainy: dry season ratie in TRI than

the ather sites] and site X indoor/sutdoor {indicating a
higher putdoor: indeor ratie in TEI that the other sites).
A Kruskal-"Wallis analysis of the same My dariingt count
data supported the negative binomial regression findings
[Supplemental Table 1.

Malaria incidence data

During our study (216-2017) the Annuoal Parasite
[ndex {APl), bassd on microscopic identification of bleod
smears, ranged from a low of 578 [TRI 2016} to a high of
5041 in LUP {Table 4). In 2017, two of the communitbes
registered a lower AP compared with 2006: TEL, popu-
lation 238, mcreased marginally from 378 to 546 and
SEM, population MM, increassd from 1804 to 2794, In
the four communities during the time-frame of the pre-
sent study {2016-2017} more malaria cases (~65%) were
£ vivax [~65%) compared with 8 failoparam (35%L
These values are similar to national Peravian averages for
2016=-2017 | 25, 50).

Discussion

Eesults are congruent with previous studies in Amazo-
nian Peruvian of My, darfingi that found the highest risk
of acquiring, malaria to be cutdoors before midnight dur-
ing the rainy season. Our new data underscore the low
risk of lecal malaria transmidssion during the dry season,
due in part to a highly signifcant reduction in Mg dar-
lingi abundance together with signibcantly lower par-
ity rates, compared with the rainy season. In agreement
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with previous studies in the peri-lguitos region of Loreto
Department in Amazondian Peru | 10, 19), Ny darlingf was
the predominant anopheline species collscted in the pre-
sent study (95%.5%). The HER, IR and EIE were all within
the range of other similar regionmal studies that have
focused mainly cn Ny darling (Table L)

In peri-lquitos, Ny bemarrochi B appears to be rela-
tively uncommaon, as previous reports demonstrate |14,
1%, 51, 52| In some regions, notably Datem del Marafon
province, it was |8] and remains |53, 54 kighly abundant.
[t is a regional or secondary Plassrodium vector in south-
em Colombia, eastern Peru [55), eastern {Amazonian)
Ecvador [53] and Datemn del Marafion |[54].

[Drespite high net distribution and cover and access
[mary ressdents in the present study use both fecupos
and LLIMs as we have shown previously [17, 19, Plas-
modise continuees to be transmitted and the APLs, espe-
cially in the two riverine villages of LUP and SEM, were
high in bath 2006 and 3017 {Table 4). In similar villages
in Mazan district, Loreto region. Peru, we demonstrated
that during the early evening (17:00=20:00), between 3
and - B0% aof the human population was protected under
nets, leaving adeguate hosts available for mosguitoes to
obtain a blood meal [19). The maost likely explanation
for transmission in the present study is that some of the

residents were nat using their bednets during the early
evening hours and therefore not protected. We ohserved
in this study as well asin |1%], that residents indoars were
oocupied eating or waiching television, not using their
nets, or they were outdoors bathing in a nearby river or
playing soccer. It has been suggested that interventions
that are mare in synch with the malaria endemic com-
munity lifestyles and can be incorporated into rowtine
activities will have a better chance of protecting individu-
als |56].

Matably, the riverine village of LUPF has persisted as
a malaria transmission hot spot for several vears [Z8).
[n the present study, the highest &y daringt HBE was
reported in LUP and there wers significantly more Ny
darlingi collected in this willage compared with the ather
three commaunities [Tables 1 and 3). The passible expla-
nations for the complex malaria transmission scenario in
LUP are varied: (1) the high biting rate may be an adap-
tation to increase Masmodinm transmission as infectiv-
ity rates in My darimrpl are relatively low [25); {2} our
priar larval sampling in LUP revealed that a slow-moving
stream traversing the village has been a productive and
permanent breeding site for My darling |37]; (3] high
Plasmodium genetic diversity and gene flow among geo-
graphically relatively far-flung communities including
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LUP and 53EM facilitates the movement of malaria par-
asites |57]; (4) recarrent seasonal flonding adds to the
abundance and fluctuations of Ny darding’ populations;
and {5} there is transmission microheterogeneity within
the village of LUP [58]. It is dificult to quantify the con-
tribution of each of these factors but integrating multiple
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effective interventions such as regular distribution of
LLIMs and/or impregnated hammocks and hammock
nets, (after testing for effectiveness in reduction of indoor
and cutdoor transmisston) to every resident; detection
and monthly treatment of larval breeding sites (as in
|5%]); and rowtine detection and treatment of both symp-
tamatic and asymptomatic/sub-microscopic Masmadinm
carriers [60] would ondoubtedly reduce malaria trans-
mission. A& comparison of human bleod samples tested
for presence of PMaswodinm spp. in Santa Emilia by
microscopy versus PCR by Ramirez [61] underscare the
importance of testing and treatment of both symptomatic
and asympitomatic/sub-microscopic  Mlaswoadivm  car-
riers to cut transmission. A multi-pronged programme
[PAMAFREQ} was successful in dramatically reducing
malaria in Amazonian Peru from 2005 to 2010 (28] The
Plan Maria Cero in Loreto, implemented from 2007 to
2020, reduced malaria cases by 75% [62]. Subsequently. in
2022, the national malaria elimination plan was laundhed
with the main abjective of reducing malaria cases in Pera
Ty 0% by 2060 |63

The propensity of the primary regional vector Ap
darfingi to bite outdeors in the eady evening; at least in
many riverine commanities in the Amazon |64, 65) when
residents are outdoors eating, relaxing, or working, con-
stitutes a major coverage gap [18). One plausible vector
oontrol intervention for local communities with housing
that frequently includes incomplete or fewer than four
walls could be the wse of eave ribbons impregnated with
a mosquito repellent such as those that have been shown
ta be highly effective in several sub-Saharan malaria
endemic countries 6668, Clearly, such interventions
would need to be tested rigorowsly in the Latin American
cantext,

We were able to collect adequate sample sizes during
the dry season for analysis in this study (k=879 [20.45%])
and detected significant seaszonal differences in abun-
dance [Table 3} and parity. The lack of dry season Mg
darfingi infected with Mlasmedivm supports sarlier find-
ings that the risk for transmissian in this region is dur-
ing the raimy season, although Rrther west, in Datem del
hMarafion province, even in the dry ssason there is a risk
of acqguiring malaria [54]- There are two probable reasons

Table 4 Mumbser af malzra cases inthe faur samplesd communities im Loreta, Perg (20048 and 2017

Community Fopulation Mo, cases 201& AF12018 Mo caces 01T AFLRNT
Lignna 35 184 501 163 A5
St Ermilia 2 iy 1E1.& 57 a4
b Tivnio FLL] 9 i) 13 ]
K, Horzomie 3 =] 162 H 115

N Kusrez; Data from Einbiny of Heels, guitz, Peru; 1% Anraal Paradie indes cakulaied s rumber of confrmed maleia cown per 1,500 indhaduesh
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for this. First, during the low-transmission (dry) season,
despite & sabstantial burden of sub-microscapic infec-
tions in Loreto [12, 61] and the fact that persans with
submicroscopic malaria can infect anophelines [69), gen-
erally very few mosquiboes are infected at low gametocyie
densities with standard membrane feeders and transmis-
stan is considered much less likely to ocoar 60, 70). Mey-
ertheless, a comparison of microscopy versus real time
PCR results of PMlaswodinm-positive residents from the
community of Santa Emilia from Janoary=September
2016, demanstrated a wery biologically significant differ-
ence e, 6.5% (92/1416] infectivity by microscopy and
24 50% [295/1212) by PCE. The data support the consid-
eration of testing and treating asymptomatic inhabdtants,
particularly of malaria hotspiots.

The second reazon is that malaria transmission ocoours
not only in villages but also in temporary locations (for
example, logging or mining camps| bnked to seasonal
oocupation [10, 12). We did not collect anopheline spec-
imens from sach localities to test for this study but the
Parker =t al |10 study along the Mazan River during
bath raimy and dry seasons detected two of S67 My dor-
limgi specimens infected, one positive for P. felcimormm
and one for P wivax, from occupation-refated bogging
sites,

The peak hiting patterns for ANy darlingl reported here
are similar to those in Lainhart et al [9), in that they dif-
fer between fverine and highway communities, albeit
not signifecantly. Thus, in the present study, thers was no
significant difference between seasonal patterns, and we
reject our indtial hypothesis of differences betwesn vil-
lage types {riverine and highway) and instead propose
that these biting patterns result from the spatiotemporal
availability of human (and possibly other animal and/or
bird) hosts [9, 18, 71, 72|

Our parity data indicate that the majority of Ny daor-
limgi females seeking a human bloodmeal are parous, ie,
older, as previous studies have demonstrated in Amazo-
nian Peru [18] and Brazil [45] and, therefore, they couald
potentially be infected with Plasmodises. However, only
during the March collsction in TRI were samples of Ay
darlingi old enough (range 7.24=%13 days] to sustain the
£ wivax sporogonic cyde. caloulated with the Mashko-
wsky method in Barros et al [45]h. Parity rates were
higher for Ny darfingi during peak transmission [second
half of the rainy season and beginning of the dry season)
in LUF, MHO and TR], although this does not hold for
SEM (Tabkle Z). Limitations of this study inclede the high
variability in the range of mosquitoess that were dissected
and analysed to estimate parity among sites and seasons,
as well as in some cases, very low nombers of nullipa-
rous masqaitees, such that the vector age could not be
calculated. Disssctions can be inaccurately interpreted

10
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and training in the apparently simple technigue is essen-
tial. Determination of age has long been a vexing issue in
vector biology but 2 promising new surveillance method,
bazed on deep learning of mid-infrared spectra of mos-
quito cuticle, was able to accurately and cost-eflectively
identify both species and age class among three dosely
related Africa vectors, Amopheles pawbiae, Aropheles
aratierss and Anopheles coluzzii |73]. Hopefally, this
method can soon be applied to Latin American and other
regional malaria vectors and make a signifvcant impact
on malaria transmission reduction.

Conclusions

Malaria incidence in Peru is highest when the interac-
ticns between the various ecclogical amd buman fac-
tars are optimal for malaria transmission [28) and may
be region specific. Far example, in Roraima state, Bra-
zil, peak malaria incidence and the highest parity rates
occurred during the dry season (45, whereas in soath-
em Venezuela, the peak malaria incidence oocurred one
month after peak biting rates by Ny. darlingl and Nypseo-
rigpnchas marajioara, and thers was no correlation with
rainfall [74]. In the present stody, malaria transmission is
optimal during the rainy sescn when there is an abun-
dance of breeding sites. parous female Ny, darlingr, and
available human hosts, especially outdoors during the
early evening hours that coincide with the peak human
hiting rates of Ny darlingr.
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IL. DISCUSION

Influencia de factores espaciales y temporales en la transmision

Los hallazgos del presente estudio refuerzan que la transmision de la malaria en
comunidades amazdnicas estd fuertemente influenciadas por factores espaciales y
estacionales que modulan el comportamiento de Nyssorhynchus darlingi. La mayor
abundancia del vector y la evidencia de transmision activa estuvo mayormente
concentrada en comunidades ribereiias como Lupuna y Santa Emilia. Ademas, el
vector fue predominantemente exofilico, con actividad de picadura en el peri-
domicilio en las primeras horas de la noche. Se observo también una marcada
estacionalidad en la abundancia y la longevidad del vector, especialmente en la
temporada de lluvia. Estos resultados confirman que las comunidades riberefias
presentan condiciones ecologicas que favorecen la reproduccion sostenida y la
transmision activa del vector.[1,2,3]. Ademas, refuerzan la necesidad de adaptar las
estrategias de intervencion vectorial al contexto de cada comunidad, priorizando
acciones en comunidades riberefias, que cuentan con condiciones ecologicas, como
criaderos, que facilitan la reproduccion del vector [4,5]. Estudios previos también
identificaron a Ny. darlingi como el principal vector en zonas riberefias con alta
transmision, como reportaron Rosas-Aguirre et al. y Moreno et al. [6,7]. El uso de
indicadores entomologicos como la tasa de inoculacion entomoldgica (EIR), que
combina datos de abundancia y hembras infectadas, resulta clave para identificar
focos activos de transmision [8]. En el caso de Santa Emilia, el hallazgo de EIR
positivo en multiples meses justifica la implementacion de vigilancia entomologica
focalizada y acciones como la distribucion de LLINs o IRS, especialmente en la

temporada de lluvias, entre diciembre y junio [9,10].
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Actividad de picadura temprana y comportamiento exofilico

La concentracion de la actividad de picadura del vector en las primeras horas de la
noche, entre las18:00h y las 21:00h, representa un periodo critico de exposicion
humana, ya que las personas alin no estan protegidas por mosquiteros [11]. Este
patrén de picos tempranos ha sido reportado por Girod et al. y Vittor et al. [11,12],
quienes destacan la importancia de implementar medidas de control
complementarios al uso de LLINs que aborden este periodo de exposicion.

El comportamiento exofilico observado en Ny. darlingi, particularmente en
comunidades riberenas, también representa un desafio importante para las
intervenciones vectoriales tradicionales (LLINs o IRS), que estan disefiadas para la
proteccion en el intra-domicilio [2,13]. En el contexto amazoénico, las personas
suelen estar activas en el peri-domicilio, ya sea por visitas sociales, actividades
agricolas, higiene personal o practicas religiosos [7]. Estas situaciones de riesgo no
estan cubiertas adecuadamente por las estrategias actuales de control. Este patron
fue reportado previamente en Loreto (Vittor et al.; Aramburt & Ramal) y también
en otras regiones de América Latina, donde se ha reportado la capacidad de Ny.
darlingi para ajustar su comportamiento en respuesta a condiciones ecoldgicas o a
presiones generadas por las intervenciones [11,14,15].

Estacionalidad, longevidad vectorial y riesgo de trasmision

En El Triunfo, a pesar de presentar baja densidad vectorial, se observd una
longevidad maxima de 8.71 dias durante marzo (temporada lluviosa), con el 100%
de las hembras evaluadas en condicion de paridas, este hallazgo sugiere que incluso
en comunidades con baja abundancia del vector, puede existir riesgo significativo

de transmision si los mosquitos sobreviven lo suficiente como para completar el
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desarrollo esporogonico de Plasmodium. Durante la temporada seca, la paridad
como la longevidad disminuyeron notablemente, y no se detectaron hembras
infectadas con Plasmodium, Esto indica una poblacién vectorial envejecida y
sostenida, con alto potencial para mantener transmision. Esta fuerte estacionalidad,
resalta la necesidad de reforzar las intervenciones vectoriales de forma anticipada a
los meses lluviosos, especialmente en comunidades riberefias con alta
vulnerabilidad ecolégica [4,15]. Esta estacionalidad, ya ha sido reportada en
estudios previos de Loreto y Alto Amazonas (Vittor et al.; Rosas-Aguirre et al.), y
concuerda con evidencia reportada en Brasil y Colombia, donde la abundancia del
vector aumenta tras eventos de lluvia e inundacion [3,14]. La presencia de hembras
infectadas en el peri-domicilio, especialmente en Santa Emilia, refuerza la
necesidad de incluir este entorno en los planes de vigilancia y control entomologico
[6,16].

Esta situacion, que ha sido poco considerada por los programas de control nacional
en el Peru, representa una oportunidad para reorientar las intervenciones para lograr
una cobertura mas integral que considere estos espacios peri-domiciliarios como
sitios de alta transmision. La experiencia en comunidades amazonicas de Brasil y
Colombia, que han reportado un patron similar, demuestran que es factible la
adaptacion de las estrategias a un entono peri-domiciliario, mediante el uso de
estrategias innovadoras como las estaciones de azucares toxicos (ABTS), las
barreras fisicas, repelentes espaciales y tratamientos focalizados en estructuras
externas como letrinas y corrales [17,18]. Las altas tasas de supervivencia y paridad
en Santa Emilia y El Triunfo durante la creciente reflejan poblaciones de mosquitos

capaces de sostener transmision [5,19]. Esto sugiere que la vigilancia y las
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intervenciones deben ser planificadas con enfoque estacional, reforzando las
intervenciones comunitarias antes del incremento esperado de abundancia del
vector. Ademads, se necesita integrar datos de longevidad y paridad como
indicadores entomoldgicos operativos. Incluir estas métricas ayudaria a priorizar
comunidades con vectores longevos o con altas tasas de paridad [18].

Uso de indicadores operativos y limitaciones logisticas

La aplicacion de estas estrategias en el Pert enfrenta multiples desafios. En primer
lugar, la limitada cobertura de servicios basicos, dificultades logisticas y acceso
restringido a zonas riberefias [20,16]. Esto obliga a disefiar estrategias
logisticamente viables y adaptadas al contexto local. Por ejemplo, la baja detencion
de hembras infectadas en Lupuna, en meses diferente a abril, podria deberse a
subestimaciones de infecciones submicroscopicas, subestimadas por métodos
convencionales [6,21].

En este sentido, una recomendacion clave seria fortalecer la vigilancia longitudinal
mediante el uso de técnicas de deteccion molecular de hembras infectadas incluso
en periodos con baja transmision [22]. Ademads, se debe considerar el uso de
intervenciones complementarias como el control larvario, especialmente en
comunidades donde el acceso a LLINs e IRS es limitado o su adherencia es baja
[17].

Los resultados de este estudio también resaltan la necesidad de incorporar
indicadores entomoldgicos como el EIR, que combina la abundancia de picaduras
(HBR) y la proporcion de hembras infectadas (IR), para orientar de forma mas
precisa las acciones de control. Actualmente, el Ministerio de Salud del Peruy

la GERESA Loreto emplean principalmente el HBR para la planificacion de las
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intervenciones, pero este solo indica cuantos mosquitos estan picando, sin mostrar
cudntos estan infectados y posiblemente transmitiendo malaria. La evidencia de este
estudio sugiere que el EIR permitiria identificar los focos de transmision y priorizar
las intervenciones en zonas de mayor riesgo. Sin embargo, su aplicacion enfrenta
una limitante importante, para estimar el IR se requieren aplicar pruebas
moleculares y/o inmunolégicas como ELISA, cuyo costo elevado podria dificultar
su implementacion rutinaria en el sistema de salud.

Impacto de las intervenciones convencionales (LLINs e IRS) sobre el
comportamiento vectorial

Evidencia reciente (2024-2025) indica que a pesar de la alta cobertura de
LLINs/ITNs y la aplicacion sostenida de IRS, persiste exposicion vinculadas a la
actividad humana en exteriores durante las primeras horas de la noche y al
comportamiento exofilico de los vectores, lo que limita el impacto de las
intervenciones centradas solo en interiores [23-25]. En distintos escenarios
africanos se ha observado que el IRS puede reducir el riesgo de infeccion sin
generar disminuciones consistentes en la abundancia de mosquitos, y que la
transmision residual continGla asociada a picaduras en exteriores [26,27].
Paralelamente, evaluaciones experimentales han documentado respuestas
conductuales de Anopheles frente a distintos tipos y estados de ITNs [23]. En la
Amazonia peruana, estudios recientes en zonas peri-Iquitos y ensayos en huts
experimentales (pequefias construcciones disefiadas para evaluar el ingreso y el
descanso de mosquitos en condiciones controladas) con Ny. darlingi aportan
informacion clave sobre sus patrones de entrada y descanso en estructuras tratadas

[28], util para optimizar la focalizacion temporal y espacial de LLINs/IRS [29,30].
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Factores socioculturales y necesidad de nuevas herramientas

También es necesario explorar por qué comunidades como Santa Emilia mantienen
un EIR elevado, mientras otras con alta abundancia vectorial, como Lupuna, no,
pese a tener alta abundancia vectorial [31]. Esta diferencia podria deberse a factores
sociales, culturales o ecologicos que atn no se comprenden del todo y requieren
investigacion. Otro de los grandes retos en la region amazonica es que las
principales estrategias de control estdn disefiadas para proteger a las personas
durante el descanso nocturno [32].

Abordar esta problematica requiere redisefar las estrategias educativas y logisticas,
priorizando la proteccion personal durante las primeras horas de la noche mediante
el uso de repelentes, espirales o barreras fisicas en espacios abiertos [33]. Como
linea de investigacion futura, se plantea evaluar la adherencia y uso real de LLINs
en funcion del horario de descanso, asi como explorar nuevas herramientas de
intervencion aplicables en horarios temprano y en espacios fuera del dormitorio
[34].

Comportamiento humano, exposicion y lineas futuras de investigacion

Es fundamental integrar estudios sobre comportamiento humano y patrones de
actividad nocturna para comprender con mayor precision los momentos y contextos
de exposicion efectiva al vector [35]. También se debe investigar si este
comportamiento de picadura en el peri-domicilio se mantiene en el tiempo o si
representa una respuesta adaptativa temporal a intervenciones con uso masivo de
LLINs. Estudios observacionales sobre el comportamiento humano en exteriores,
podrian guiar intervenciones mas eficaces para reducir el contacto humano-vector

en contextos donde las herramientas actuales no tienen cobertura [36].
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Finalmente, se plantea como hipotesis de investigacion futura explorar que factores
ecologicos y/o socioculturales modulan la longevidad de los vectores. Dado que
una alta paridad indica contacto frecuente con personas e ineficacia de las
intervenciones actuales [6]. La variabilidad en el nimero de hembras disectadas fue
una limitante, porque dificulto calcular consistentemente los indicadores de
longevidad. Ademas, el numero bajo de hembras nuliparas en algunos meses limito
la estimacion de edad del vector. Esta técnica, aunque sencilla, requiere
entrenamiento especializado para evitar errores en la identificacion del estado
ovarico. Para superar esta limitacion, se recomienda complementar las
identificaciones ovaricas con técnicas moleculares y métodos alternativos para
estimar la edad vectorial, como la espectrometria infrarroja.

El estudio no incluyo campamentos madereros y/o mineros temporales, como
posibles focos adicionales de transmision. Se sugiere en futuros estudios monitoreo
entomoldgico y parasitologico de estos campamentos, especialmente si existe

evidencia de alta movilidad humana entre las comunidades estudiadas.
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Iv.

ANEXO (Cuando se trata de un articulo con autor secundario)

UNIBAT DE GOBIEAND Y ARAINISTRACIGN
USIATESRISICSAL FEFLELAA SISTEMAA DF ASEGURAMIENTS DE LA CALIDAD WOLM F298 308
CAYETANO HEREDIA
MANLUGL DRERATAAD DE LAS NDENAS Y ESCUELA DE FOSGRADD VICTOR
PROCECARMENTOS DEL TRABAIO DE ALEAMORA CASTRO
ISVESTIGADION FARK LA DATENCION DE LOS
GRADDS ACADEMIDOS DOF MAESTRLL Y Pagira 1 d= 3
DOCTORADD

Anexo 8. Formate para validar el desarrollo tematico

. Cuando & estudiante no es el primer antor del artlculo.

Documento de respaldo del investigador principal

Estimado a guien corresponda

Moe dirijo a usted en calidad de Investigador Clentifieo 1 de Griffin Laboratory-Wadsworth
Center- Mew York State Department of Health, con respecto al articulo de investigacidn
titulade “Effect of spatiofemporal variables on abundance, bitng acilvity and parity of
Nyssorhyrichus darlingl (Diprera: Culicldae) v perd-guites, Perw®, de la autorla del
estudiante Marlon Plerino Saavedra Romero.

Dheseo expresar mi respaldo de la informacién presentada en la declaracién jurada del esmdiante
con respecto al desarrollo temdthes del articulo de Investigackin. Confirmo que ¢l estudiante
s ¢l autor secundario del amicule de investigacion v su participacidn consistid en: supervisiGn
y conduechin del estudio en campo, asi como el apoye en el andlisls de los dates, lo cual se
encuenira cdlaramente especifleado en la secelin "Author contributlons® del articulo
pullieads,

Ademas, puedo afirmar que los datos ¢ informacion inchidos en ¢l anfealo de investigacidn
adjunto s¢ basan cn una metodologla Figurosa v uma revisidn critica de la literatura relevante.
Asimismo, puedo atestiguar que ¢l estudiarte ha cumplido con tedas las normas éicas y de
integridad académica en la realizacion de este articulo, v que la informacidn presentada o
preciza y confiable.

Agradezeo la oportanidad de reapaldar la informacidn presentada en la declaracibn jurada del
estudiante, v me pongo a su disposicidn para cualquier consulia adicional que pueda tener.

Adeniamente,

Shusbon D)

Sara A. Bickersmith

[mvestigador Cientifico

Wadswaorth Center,

MNew York State Department of Health
Email: sara bickersmithivhealth. oy gov
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