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With several human cases reported annually since 2008 and ¢hunapparent risk of
infection of blood donors, the West Nile virus (WNV) is emergl as an important health
issue in Europe. Italy, as well as other European countriesxperienced a recrudescence
of the virus circulation in 2018, which led to an increased nmber of human cases.
An integrated surveillance plan was activated in the Emileaomagna and Lombardy
regions (Northern Italy) since 2008 in order to monitor theniensity and timing of WNV
circulation. A fundamental part of this plan consists in emmological surveillance. In 2018,
the surveillance plan made it possible to collect 385,293 mequitoes in 163 stations in
the two Regions. In total 269,147Culex mosquitoes were grouped into 2,337 pools and
tested for WNV, which was detected in 232 pools. Circulationtarted in the central part of
the Emilia-Romagna region in the middle of June, about one nmih before the previous
seasons. Circulation suddenly expanded to the rest of the igion and reached the
Lombardy region in the middle of July. WNV circulated more iehsively in the eastern part
of the surveyed area, as con rmed by the highest number of huran cases. A relationship
between the number of mosquitoes collected and the virus inidence emerged, but the
data obtained highlighted that the probability of detectig the virus in a given site was less
than expected with a higher number of collected mosquitoesA signi cant relationship
was observed between the temperature recorded one week befee the sampling and
the number of collected mosquitoes, as well as between the esmated number of
WNV-positive mosquitoes and the temperature recorded two weks before the sampling.
The two weeks delay in the in uence of temperature on the posive mosquitoes is in line
with the time of the virus extrinsic incubation in the mosqto. This nding con rms that
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temperature is one of the principal drivers in WNV mosquito faction. The surveillance
system demonstrated the ability to detect the virus circuligon early, particularly in areas
where circulation was more intense. This allowed evaluatinthe effect of mosquito

abundance and weather factors on virus circulation.

Keywords: West Nile virus, Culex pipiens , surveillance, infection rate, temperature, one-health

INTRODUCTION km?2. This area encompasses about 10 million inhabitants, with
many urban areas, including two of the biggest Italian sitie
The West Nile Virus (WNV) is a avivirus that circulates in (Milan and Bologna), as well as several important industrial
the environment among birds and mosquitoes, but can infecyistricts. This area has a relevant livestock patrimony asd i
other animals such as equids and humans as dead-end hosgge of the more important agricultural areas in Italy; distiivet
In humans, virus infection is generally, asymptomatic, butultivations such as rice elds, vineyards and orchards agally
about 20% of infected subjects can develop a febrile illnesgpresented in speci ¢ areas.
which can evolve into a neuro-invasive disease (WNND) in |ngeneral, a strong anthropic modi cation, with the abundant
a minority of cases (less than 1% of infected subjects). Ifresence of industrial and urban settlements, charactefize
addition to symptomatic human cases, the presence of infectegdurveyed area. The rural part of the territory is connoted hy a
but asymptomatic, blood and organ donors is a primary healthntensive agriculture and animal husbandry, with few hesjge
issue (). rare scattered trees, and a dense irrigation network. Naaress
After sporadic reports in the '90s in Romanid) @nd in Italy  are rare, mainly represented by river borders, characterine
(3), as from 2008, the circulation of the virus was recorded afiparian vegetation, or re-naturalized areas. The eastem pa
a di erent extent every season in Europe. In 2018, an alarmingf the surveyed area ends in the Adriatic Sea, where some of
recrudescence of the virus circulation was recorded in Bero the |argest wetlands in Europe are present (Valli di Comacchio
(4). This recrudescence was also noticed in Northern Italyand the Po River Delta); pinewood and typical Mediterranean
including the Emilia-Romagna and Lombardy regions, where ajegetation can be found in this zone.
interdisciplinary surveillance plan targeting WNV was setinp ~ Trapping sites, with dierent densities, were selected to
2008 and implemented over the yeas10). cover the entire plain area of the two regions: 95 traps in
The plan focuses on the early detection and the pinpointingemilia-Romagna (surveillance grid of 110 ®Knand 39 traps in
of the virus circulation area, iﬂClUding those areas whédre t Lombardy (survei"ance gnd of 400 l@r)q(Tab]e 1, Figure 1)
virus did not circulate the previous season. Over time, therhese traps worked regularly throughout the surveillanesse
system has shown that it is capable of WNV circulation's earlyseasonal traps). Surveillance was focused on rural areas, se
detection at provincial scal€)and itis economically sustainable natural, rural, or peri-urban locations in Emilia-Romagnada
(11). Moreover, the plan was able to detect other arbovirusearms in Lombardy. A supplementary e ort was carried out
circulating in the surveyed areaZ). by activating 23 speci ¢ traps along the surveillance season i
The plan has a one-health approach in order to maximizg ombardy, and 9 supplementary traps, which worked once (on

early detection, involving searching for the virus in humsan August 10th), among selected urban areas in Emilia-Romagna.
horses, birds, and mosquitoes. Entomological surveillaaae

fundamental part of the plan, characterized by regular schedu  Mosquito Analysis
of sgmplings, and the prec'ise geographic c'har.acteri?ation 9le collected mosquitoes in xed geo-referenced stationagisi
obtained samples. This permits a ne characterization of hes/  gttractive traps baited by carbon dioxide, working overjgh

the extraordinary WNV circulation observed in 2018, uiifig in the surveillance was sampled every fortnight. Mosquitoes
data from entomological surveillance obtained in the Eanili

Romagna and Lombardy regions. In particular, we describe
the relationship between WNV detection and the abundance
of collected mosquitoes, as well as the inuence of weathemsLE 1 | Features of surveillance in the two surveyed regions.
conditions, such as weekly maximum temperatures and numbet

of wet days, on the virus circulation in mosquitoes. Emilia-Romagna Lombardy
Number of seasonal traps 95 39

MATER'ALS AND METHODS Number of extra traps 9 23

Surveye d Area g/learx:g;m number of mosquitoes 200 100

The surveyed area included the plan area of the Emilia-Romagnaimym number of mosquitoes all sampled 1000

and Lombardy regions. This is a large portion of Italy’s maintested per sampling

plain, the Pianura Padana (or Pianura Padano-Veneta), whickart date June 12 June 4

includes about 24,000 Kin(51.3%) of the total area of 44,700 gnd date October 16 October 25
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FIGURE 1 | Map showing the location of traps working throughout the seaon (circles) and for part of the season (squares), with rafence to WNV detections (red),
and the reference of the surveyed area on a map of Italy in whidhe Pianura Padano-Veneta is depicted in gray.

were identi ed using morphological characteristics acéogd Estimation (MLE) of the PooledinfRate 4.0 excel add-i)(

to the classication key of Severini et all3). Due to the multiplying the MLE of the infectious rate for the number of

used trap model, baited with carbon dioxide, we collecteaollected mosquitoes, and rounding up the obtained re$diltE

almost exclusively host seeking females, the catching ¢dsmacannot be estimated when all sample pools test positive. In this

was very rare. ldenti ed mosquitoes were counted and pooledase, we approximated the number of infected mosquitoes using

according to date, location, and species. The maximum numbehe Minimum Infection Rate (MIR), assuming that only one

of specimens per pool was 200 in Emilia-Romagna and 1Q@ositive mosquito was present in each pool.

in Lombardy. A maximum of 1,000 specimens per species We tested the relationship between the fraction of infected

was tested for every sample in Lombardy. Pooled mosquitoe@sosquitoes collected in each province, with at least two wgrk

belonging to the genuSulex and selected pools of other speciesseasonal traps, and the incidence of WNND cases in the same

were prepared and submitted to biomolecular tests as destrib@rovince through a linear model. Additionally, we checked the

elsewherel(4). hypothesis of normality in the distribution of model residuals
In brief, pooled mosquitoes were ground by a vortex mixerthrough the Shapiro-Wilk test.

with 2-3 4.5-mm-diameter copper-plated round balls (H&N

Sport, Miinden, Germany) in 2 ml of PBS. After centrifugation, Mosquito Abundance and WNV Circulation

200mL aliquots were collected and submitted to biomoleculaiwe tested the e ect of mosquito abundance in a given area

analysis, for extracting and retrotranscribing RNA. We ¢elst (using the catches per trap as a proxy of abundance) on the

samples by a WNV real-time RT-PCR, according to the methogrobability of WNV circulation in the same area in 2018. To

described by Tang et allg). This was con rmed by the protocol guarantee comparable catching e orts, considering the stadt/e

of Del Amo et al. {(6) and by an universal PCR protocol for the of trapping seasons diered among traps, we used the total

identi cation of aviviruses (L7). number of mosquitoes caught in each trap in July and August
We estimated the number of positive mosquitoes for everyfor a total of four sampling sessions) as a measure of mosquito

site and the day of sampling utilizing the Maximal Likelihood abundance. Traps with less than four sampling sessions in the
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July-August time window were excluded from the analyses. W®ABLE 2 | Mosquitoes sampled during the 2018 surveillance season.
built a generalized linear model (GLM) with binomial error
distribution and logit link function to estimate the probdiby

of observing a WNV-positive trap in 2018, using the observed

Species Emilia-Romagna Lombardy  Extratraps  Total (%)
(%) (%)

number of mosquitoes caught in each trap and the region wherge. aibopictus 4557 (1.6) 1743 (1.7) 665 (19.3) 6965 (1.8)
the trap was deployed as explanatory variables. In this modele. periandi 1(<0.5) 1(<0.5)
the e ect on the GLM of caught mosquitoes (nameMogs  ae. caspius 43526 (15.7) 45299 118 (3.4) 88943
represents the marginal increase in the probability of okisgrv (43.4) (23.1)
a WNV-positive trap due to an additional mosquito caught (in Ae. cinereus 3(<0.5) 3(<0.5)
the logit link). Ae. geniculatus 15 (<0.5) 15 (<0.5)
To test the e ect of mosquito abundance on WNV circulation, Ae. vexans 7634 (2.8) 606 (0.6) 412 (11.9) 8652 (2.2)
we built a null model where the probability of each mosquitoan. 753 (<0.5) 7007 (6.7) 1€05) 7761 (2.0)
to test WNV-positive only depends on the region where themaculipennis s.I.
mosquito was caught and not on the abundance of mosquitoes. plumbeus 10 (<0.5) 4(0.5) 14 €0.5)
in the trap area. These probabilities, namelyuLL gr and  Ca. richiardii 658 (0.2) 658 (0.2)
pnuLL Lo, Were estimated by maximizing the likelihood of Cs. annulate 3(<0.5) 32 <0.5) 35(0.5)
obtaining the observed pattern of positive traps in 2018, givegs. longiareolata 1(<0.5) 1(<0.5)
the number of mosquitoes caught in each trap in Emilia-Cx. modestus 35 (<0.5) 35 (<0.5)
Romagna and Lombardy, respectively. We then randomlgx. pipiens 220255 (79.4) 49697 2258 (65.4) 272210
generated 10,000 synthetic samples where we assigned a WNV- (47.6) (70.7)
positive/negative status to each mosquito caught in Emilia¥otal 277451 104338 3454 385293

Romagna [resp. Lombardy] with probabilitigmuLL_gr [resp.

pnuLL_Lal- Analogously to the observed sample, we estimated for

each synthetic sample the e ect of the number of mosquitoefecorded up to 4 weeks (lag 1-4) before the night of sampling.
caught on the probability of observing a WNV-positive Starting from the day be_fore the sampling, we computed the
trap (namely,MnuLL) through GLMs. Thus, we generated aWeekly average of maximum temperatures gnd the_ _we_ekly
distribution of the estimatedViyyL which represents the null number of wet days (number of days in a week with precipitation
hypothesis where mosquito abundance in a given area does rot0-> mm). i .
aect the probability of each single mosquito testing WNV- Analy_ses were performed in the frameyvork of the gen_erahzed
positive. We then tested the observed e edipgs against the linear mixed models (GLMMs)20). Speci cally, we applied a
distribution of MyucL. If Mogs is signi cantly higher [resp. GLMM mcludmg a site-speci c and Week-spem c random e ect
smaller] thanMyuc (i.e., it falls outside the 95% range of {0accountforsite and temporal hetgrogenelty. The abundanic .
the MyuLL distribution), then mosquito abundance provides MOSAuitoes sampled per trap and night was analyzed by applying
an ampli cation [resp. dilution] e ect on WNV circulation. allne_armlxed modelwnhanormalc_i|str|but|on and identifyk
Analyses were performed with R software. function. We used the natural logarithm of the count of sanaple

In order to spatially characterize mosquito abundance, wahosquitoes as the dependent variable and the meteoro!ogical
interpolated the number of mosquitoes sampled in each seasorfjirameters recorded up to 4 weeks before the sampling as
trap between July-August (expressed as a natural logaritmm) Predictors (lag 1-4). The per trap and night infection rate was
amap, using the inverse distance weighting method (IDW). Th@nalyzed by applying a generalized linear mixed model with
virus circulation's spatial pattern was obtained using pusitrap ~ P0isson distribution and log link function. We used the esite
location with the kernel density estimation (KDE) methodttw of infected mosqultoes as the dependent vanable_, the numober
the bandwidth size of 15km. The area of more intense WN\Sa@mpled mosquitoes as o set and the meteoro_loglcal parameters
circulation was estimated through the 50% volume contouhef ~'écorded up to 4 weeks before the sampling as predictors

obtained WNV KDE surface. We used QGIS 3 software (http:/ﬂag 1-4). The association between temperatures and outtome
www.qgis.org) to perform these analyses. was assessed by estimating the coe cient for a unit increase

(1 C) in the weekly average of maximum temperatures. The

association between precipitations and outcomes was ad$Bsse
Meteorological Factors, Mosquito estimating the coe cient for a unit increase (1 day) in the ekdy
Abundance and Infection Rate number of wet days. Analyses were performed with R software

We retrieved daily maximum temperatures and precipitationd/me4package).

data from the ECA&D datasetlf) and extracted the data for

every surveyed trap site in 2018. We aimed to estimate thESULTS

association of meteorological parameters with the number of

sampledCulexmosquitoes and with the infection rate (namely Mosquito Results

the proportion of WNV-positive mosquitoes). Since the e ect 0f 385,293 mosquitoes belonging to 13 species were sampled
meteorological parameters on the outcomes of interest might between June 4 and October 23alble 2. Mosquitoes of the
delayed (lag-e ect), we focused on the meteorological pararaet Culex genus were grouped into 2,337 pools, of which 232
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TABLE 3 | Tested and WNV-positive mosquito pools for the 2018 survddnce season.

E-R Lom Extra-traps Total
Species N Pools pos N pools pos N pools pos N pools pos
Ae. albopictus 16 2 177 11 193 13
Ae. caspius 8211 160 5 1 107 5 8323 166
Cx. modestus 35 6 35 6
Cx. pipiens 220255 1554 194 46599 700 32 2258 77 6 269112 2331 232
Total 228501 1720 194 46620 703 32 2542 93 6 277663 2516 232

TABLE 4 | Details of entomological surveillance at provincial levdlring the 2018 surveillance season.

Region Prov. First WNV/ C Last WNV/C Days Average (¢]] Total Est. positive WNND
pool pool sampled* sampled mosq. cases

Emilia-Romagna BO 19/6 719 80 227 180-273 30603 49 41
FC 5/7 2/8 28 103 38-168 2780 2 2
FE 19/6 6/9 79 248 201-295 61730 89 14
MO 37 14/8 42 243 182-303 25864 39 23
PC 10/7 2/10 84 380 292-468 37619 8 2
PR 1717 28/8 42 303 202-404 24257 14 1
RA 2417 21/8 28 124 88-160 6574 5 13
RE 15/6 24/8 70 334 241-428 30067 25 5
RN 31/7 31/7 88 22-154 1584 1 0

Lombardy BS 2617 23/8 28 185 115-255 13811 3 1
LO 2/8 2/8 0 152 70-234 4103 1 1
M 718 6/9 30 62 38-85 2895 2 6
MN 1717 20/8 34 164 98-230 14047 14 4
PV 30/7 20/8 21 175 120-230 11919 17 1
BG 40 16-63 1472 0 0
CcO 20 0 1
CR 92 38-147 2444 0 2
LC 57 12-102 341 0 0
MB 6 2-10 48 0 0
VA 32 0 0

*In traps which work throughout the season.

tested positive for lineage 2 of the WNV. The vast majority The average of collected mosquitoes per sample at provincial
of tested pools and all pools which tested positive weré&vel showed the highest values in the western part of Emilia-
composed ofCulex (Cx.) pipiengTable 3. The 134 seasonal Romagna, in Piacenza, Reggio Emilia, and Parma provinces
traps collected 269,952x. pipiensspecimens; of these, 266,854(Table 4. A signi cant di erence in the number of collected
were tested in 2,254 pools, and 226 were WNV-positive. Frommosquitoes was recorded between Lombardy and Emilia-
among the 134 seasonal traps, 85 collected at least one WNRomagna traps (considering only seasonal trags:rp 258, Cl
positive pool Figure1). A total of 1,101 mosquitoes were 233-283m omp 135, Cl 110-153,D 5.9016p D 4.6e-9).

sampled in the 9 extra traps activated in cities (Bologna,

Modena, and Ferrara) in August. All mosquitoes from these€Characterization of Virus Circulation

samples (82Zx. pipiens 171 Aedes (Ae.) albopictuand 107 In 2018, WNV circulation was rst detected on June 15 in Emilia
Ae. caspiyswere tested, and 6 out of the 1@x. pipiens Romagna and on July 17 in Lombardy. We collected the last
pools resulted positive. No positive pools were detected ipositive pools on September 6 and October 2 in Lombardy and
the other extra traps only activated for part of the seasonEmilia-Romagna, respectivelJable 4. The epidemic curve of
mainly in northern Lombardy. In order to evaluate the WNND human caseswas postponed with respect to the detection
possible involvement oAe. caspiu# virus circulation, we also  of positive mosquitoesHigure 2).

tested 160 selected pools of this species (for a total of 8,2110nly taking seasonal trap data into account, we evaluated
specimens) collected between July 17 and August 14. All gatee intensity of circulation at the provincial level consiatey
negative results. the number of estimated WNV positive mosquitoes on total
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FIGURE 2 | Average of sampledCx. pipiens mosquitoes (black line) with ClI (dashed lines), positive emated mosquitoes (white, number above the bar) and number
of WNND cases (gray, number above the bar) for Emilia-Romagr(A) and Lombardy (B), during the surveillance.

mosquitoes tested Fgure 3. This highlighted groups of WNV positive pools leads to an additional 1.88 WNND cases per
provinces with a di erent circulation intensity: (i) a groupfo 100,000 inhabitantd{gure 4).
provinces with a more intense circulation (including certra ) )
Emilia-Romagna and Pavia); (ii) a group of provinces with arR€lationship Between the Number of
intermediate circulation intensity (in the central and &&® Collected Mosquitoes and WNV Incidence
surveillance zones); (iii) a group with a low circulatiorténsity  We found a signi cantly higher probability of nding WNV-
(Lodi, Brescia, and Piacenza); and (iv) a group in which thesv  positive traps in Emilia-Romagna with respect to Lombardy
was undetected (northern Lombardy). Provinces with a morgp-value D 8.7e-5). We also estimated the marginal increase
intense circulation often recorded an early and more prolahgein the probability of observing a WNV-positive trap due to
virus circulation Table 4), and a major number of WNND cases. an additional mosquito caught aslogs D 0.00102 g-value
We found the existence of a signi cant relationship betweerD 0.0021).Figure 5B shows the distribution of the marginal
the rate of infected mosquitoes collected in each provinad anincrease in the probability of observing a WNV-positive trap
the incidence of WNND cases in the same proving®(0.0013). due to an additional mosquito caught obtained with the null
Speci cally, we estimated that an increase of 1%. in the rate ohodel MyuLL, gray bars) compared tMogs (black line). We
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FIGURE 3 | Evaluation of WNV circulation intensity according to numbeof estimated positive mosquitoes on 1,000 sampled mosquites at provincial levelA) and
the same on a map(B).

interval). Panels A and C ifrigure 5show that the probability
of nding WNV-positive traps is higher than expected when
the abundance of caught mosquitoes is low (i.e., black kmes
higher than the white lines), while the opposite is true when the
abundance of caught mosquitoes is high (i.e., black linekaver
than the white lines).

Despite the probability of nding that WNV increases with the
number of mosquitoes (i.eMogs> 0), the probability of a single
mosquito being infected decreases as the number of cdllecte
mosquitoes increases. Thus, the estimated probability ivfghes
mosquito collected in one site being infected decreasell thvé
increase in the number of collected mosquitoes in the satee si

Fifty percent of the positive traps' KDE revealed a single hot
spot in Emilia-Romagna where WNV circulation is more intense
(in orange inFigure €). Overlaying this map onto the map of
sampled mosquitoes, directly related to mosquito abundance,
highlighted that areas where mosquitoes are most abundant a
0.0000 0.0005 0,000 0075 not necessarily included in this WNV hot spdtigure 6).

WNND cases per 100,000 inhabitants
2
1

Fraction of infected mosquitoes

_ _ o _ Association Between Weather Data and
FIGURE 4 | Linear model showing the relationship between the fractioof

infected mosquitoes at provincial level, and the incidencef WNND cases in WNV CerU|at|0n
the same province. Table 5 and Figure 7 report the b coe cients and 95% CI for

the xed e ects of lagged meteorological parameters. Fixede e
coe cients are average estimates from among all sampled traps
found that Mpgsis signi cantly lower thanMyyL (p-valueD  of the association between a unit increase in the meteoicdbg
0.0232), this means that real number of captured mosquitogzarameters and the outcomdscoe cients are estimated under

a ects less than in the simulations the probability to deteddW  the null hypothesis of absence of associationD( 0), thus a

in a trap, suggesting that mosquito abundance in a given sitpositive estimate ob coe cient suggests that an increase in
provides a dilution e ect on WNV circulationFigure 5displays the meteorological parameter is associated with an incraase i
the probabilities of observing a WNV-positive trap as a fuooti the outcome under study (number of sampled mosquitoes or
of the number of mosquitoes per trap in Lombardy (panel A)infection rate).

and Emilia-Romagna (panel C), estimated through the observed As shown inTable 5and Figure 7, we found an association
data (black solid lines: best t, dashed lines: 95% con dencbetween the logarithm of the number of sampled mosquitoes and
interval) and the null model (white lines: median, gray ae36% the weekly average of maximum temperatures recorded the week
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FIGURE 5 | Probability of observing a WNV-positive trap as a functionfdhe number of mosquitoes per trap in Lombardy(A) and Emilia-Romagna(C) estimated
through observed data (black solid lines: best t, dashed lies: 95% con dence interval) compared with the null model (whe lines: median, gray areas: 95% interval).
(B) distribution of the marginal increase in the probability tobserve a WNV-positive trap due to an additionally caught mexjuito obtained with the null model My,
gray bars) compared toMoegs (black line).

before samplingk{at lagl : 0.24, 95% Cl 0.16—0.31). In contrastDISCUSSION
we did not nd evidence of association between the logarithim
the count of sampled mosquitoes and the number of wet days 48 2018, in Italy as in other European countrieg),( the
any lag Table 5. WNV transmission season began earlier than in previous
When analyzing the proportion of WNV positive mosquitoes, Years. In fact, in Emilia-Romagna, the season started earlie
we observed a positive association between the infectian rapy about one month with respect to previous transmission
and the weekly average of maximum temperatures recorded twigasons and the Lombardy region. Circulation intensity and
weeks before the samplingy (ag 2: 0.22; 95% CI: 0.02-0.42)the number of human cases were also the highest observed
(Table 5. No evidence of association was detected between tisénce the rst appearance of WNV in ltaly. Starting from
infection rate and the weekly number of wet days observetiént the central Provinces of Emilia-Romagna (Modena, Bologna,
previous 4 weeksTable 6). and Ferrara), WNV circulation progressively extended tohbot
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FIGURE 6 | Map of the surveyed area with the IDW interpolation oEx. pipiensfemales collected between June and August (expressed as natal logarithm) and the
hot-spot of WNV circulation (represented by 50% of the KDE ddites with at least one positive pool).

TABLE 5 | Linear regression coef cient b) and 95% Con dence Interval (Cl) for
the logarithm of the number ofCulex pipiensSampled and Lagged Meteorological
Parameters.

Parameter bt 95% IC

1 C Increase in weekly average maximum temperatures

Lagl 0.24 0.16 - 0.31
Lag2 0.05 0.03-0.12
Lag3 0.01 0.09 - 0.07
Lag4 0.01 0.09 - 0.08
1 Day increase in the weekly number of wet days

Lagl 0 0.10-0.10
Lag2 0.06 0.13-0.01
Lag3 0.01 0.08 —0.06
Lag4 0.04 0.11-0.03

ILinear regression coefcient (): it indicates the average change in the logarithm
of Cx. pipiens sampled associated with a 1C increase in weekly average maximum
temperatures and 1 day increase in weekly number of wet days. p value 0.05 in bold.

to start test blood bags when an area is aected, avoiding
infected transfusions.

Reported data con rmed th€Xx. pipiensnosquito as the main
vector of WNV in the surveyed area. To evaluate the involveme
of other species, pools de. caspiuand Ae. albopictusvere
also tested during this survey, without any positive results.
The possible involvement oke. albopictuss a bridge vector
in the WNV cycle was deduced due to WNV positive pools
collected in the eld in the U.S. Q1) and Turkey @2), and
the vectorial competence demonstrated in experimental studie
(23 24). The possible vector role dfe. caspiyssince WNV-
positive pools of this mosquito were collected in the eld ireth
surveyed area2), still remains to be demonstrated as we have
no clues as to these two mosquitoes' involvement in the WNV
cycle in our epidemiological scenario. Independently ofiirgic
competence, this was likely due to the host preference of these
mosquitoes which, contrary tGx. pipiengstrictly ornithophilic),
are mammophilic feeders. Als@€x. modestysa species more
competent for WNV thanCx. pipiensn a laboratory studyZ6),
had a marginal role in the monitored area's WNV cycle. This
is due to the scarcity of this species, which is strictly linked

the western and eastern part of the surveyed area coverilge natural environment13. Results of extra-plan samples in
all the Emilia-Romagna region right up to Lombardy (Pavia,some cities highlighted the intensive viral circulatior2idl8, also
Brescia, Milano, Lodi, and Mantua). However, the virus wa#nvolving urban areas which are usually less suitable thaal rur
undetected in mosquitoes collected in Cremona, Bergam@reas for WNV circulation. It is likely that virus circulatioin
Monza Brianza, Varese, and Lecco. The early detection &fban areas, also sustained®y. pipienshad an important role
the virus circulation at provincial level makes it possiblein causing the large amount of human cases recorded in 2018.

Frontiers in Veterinary Science | www.frontiersin.org

May 2020 | Volume 7 | Article 243



Calzolari et al. Italian WNV Enhanced Circulation (2018)

FIGURE 7 | Beta coef cients (black dots) and 95% Con dence intervals (bas) with respect to a 1 C increase in weekly average maximum temperatures in the pveus
4 weeks (lag 1-4). Linear regression estimates for the logé#rm of the number of sampledCulex pipiens(A); Poisson regression estimates for Infection RatéB).

The surveillance system showed a relevant di erence in WN\demonstrated that the rate of infected mosquitoes was not
circulation intensity between the two regions, which wasoal higher where mosquito density was highest. This con rms a les
conrmed by the dierence in the number of human cases.than linear correlation between virus presence and mosquito
Nevertheless, di erent mosquito sampling e orts between theabundance, temporally and spatially.
two regions, and the di erence recorded in the GLM, was largely The data obtained demonstrated the obvious importance of
ascribable to the dierent circulation extent between theotw mosquito abundance but highlighted that this is not the limg
areas. The applied models demonstrate the nal number ofactor for virus circulation in the considered area, which we
infected mosquitoes increases when the number of mosaaiitoédenti ed as likely in the number of infected hosts. If we postid
also increases. However, the probability of a single mosquitihe nite number of infected hosts as a limiting factor, artteh
being infected decreased with mosquito abundance, rengeali the nite capacity to attract mosquitoes, we can hypothesize
non-linear relationship between mosquito abundance ands/i a dilution e ect exerted by the mosquitoes not attracted to
circulation. This result agreed with the absence of a diredthem, above a certain number of mosquitoes. In this theogdti
correlation between mosquito abundance and virus cir¢ofat scenario, the synchronization of mosquito population peaks an
in years with a lower WNV circulation 7). The geographic WNV-susceptible birds is fundamental in determining WNV
interpolation of the data utilized to characterize this t@aship  dynamics and the environmental viral load for the seasore Th
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TABLE 6 | Poisson regression coef cient for Infection Rate and Lagged this process, which can hide the e ects of rain, could be the
Meteorological Parameters. background noise linked to the fall in temperature caused by
Parameter bl 95% IC rainfall. However, water availability under ordinary cations
was not a limiting factor in the study area (due to the widesgre
1 C Increase in weekly average maximum temperatures presence of irrigating networks, rivers, and water basins).
Lagl 0.04 0.26 0.18 A human case of WNND is of striking relevance, due to the
Lag2 0.22 0.02—0.42 severity of the symptoms associated with the infection. Here
Lag3 0.12 0.10 0.34 occurrence is rare and not relevant for the environmental
Lagd 01 0.26 0.10 persistence of the virus. Despite this, occurrence of WNND was
1 Day increase in number of wet days the best available indicator of circulation intensity in |pés
Lagl 0.07 017 032 since there was no organic and standardized system for WNV
Lag2 0.13 0.06 0.32 fever diagnosis. The timing and location of WNND cases are
Lag3 018 037 002 random due to the low rate of WNND cases in infected
Laga 0 016 0.6 persons € 1%), the complexity in de ning a certain site of

patient infection and has human density as one of the main
LPoisson regression coef cient ( ): the exponential of indicates the rate ratio, namelythe  determinants 36), in a particu|ar area. Despite this, we were
change in the infection rate (multiplicative term) associated with a € increase in weekly able to nd a clear relationship between the rate of positive
average maximum temperatures and 1 day increase in weekly number efet days. p . . . . .
value< 0.05 in bold. mosquitoes and human cases, highlighting the surveillance
ability to assess the intensity of virus circulation in aggiarea

. . at an early stage.
observed pattern may also support the hypothesis that increased The entomological monitoring described in this work

mosquito density leads to increased avian defensive befsavi . e . . .
. o . . . is part of a multidisciplinary surveillance integrating othe
leading to a shift in mosquito feedings toward less defensiv o . ) . )
. monitoring systems (wild bird testing and syndromic
hosts, such as mammals which are not WNV-susceptibleA8). . . .
. . . urveillance of horses). Entomological surveillance often
A complex interaction between mosquito abundance an

. . : . L provided the rst sign of WNV circulation and, due to the
susceptible hosts determines the level of virus circulatidrich . . . .
. S . . sampling program's standardized regularity, allowed for a
diered in direct relation (namely more mosquitoes, more

virus) and is usually retained in vector-borne diseases. we®€ characterization of the period, area and intensity of

. . . . ) Circulation. This provides essential data for modulating

recommend that this result is considered in the constructad : - . . . -

; . . ; - actions to limit the health risks associated with the ciatigdn
epidemiological models and in the cost-e cacy analysis otoec

of WNV.

control methods.

In this study, temperature was conrmed as one of the
most important factors in determining the virus circulation DATA AVAILABILITY STATEMENT
We detected an association between temperatures recorded
one week and two weeks before mosquito sampling and th&he raw data supporting the conclusions of this article will be
mosquito infection rate. Temperature in uenced the bionaimi made available by the authors, without undue reservatioajty
of mosquitoes in several ways, for example, by increasirguali ed researcher.
vectorial capacity or shortening the extrinsic incubatiorripé

and development times20). These results are consistent with AUTHOR CONTRIBUTIONS

previous studies that observed a positive association betwee

temperatures and WNV-positive mosquitoes and human Casgfca PA RC. DC. MPC. MCh. GG. MT. RB. and DL conceived
observed in the following weeks3@32). This association, and designed the surveillance system. MCa, SC, and TT

already con rrr_led t_)y Se"efa' Tesea“:h SIUd'es_ n d'_ erent.onducted the sampling and mosquito identi cation. PB and
ecological settings, is alarming in a global warming sdenar

. o > i ) o DT performed the molecular analysis. MCa, GM, LB, and AA
since itimplies that increasing temperatures will increaserisk

£ WNV circulation. Th " ol lai r{I)\Irocessed the data and performed statistical analyses. MCa
0 circulation. The same_assoma_tlon can part|_a Y eXplailyrote the manuscript. All authors reviewed and approved the
the recent emergence of the virus, which could be linked ® th

increase in temperatures recorded in recent years in theey@w nal manuscript.

area (3. Interestingly, we observed the di erence of one or

two weeks in the temperature's ability to in uence the numberFUNDING

of mosquitoes and the virus infection rate. This observelhyle

could be explained with the virus' extrinsic incubation pefjo Data were obtained within the framework of the Regional Plan

which consistently lasts about one week at temperaturesdedo for Surveillance and Control of Arboviruse2018 (Emilia-

in the surveyed are&¢, 35). Romagna Region and the Lombardy Region), and the West
As recorded in another study3(), we were unable to nd a Nile and Usutu Viruses Integrated National Surveillance and

consistent link between rainfall (expressed as wet daysjguito  Response plan2018. Scientic work was partially nanced

abundance and the mosquito infection rate. An issue relabed by IZSLER.
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