6. Tools for mosquito blood meal identification
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Abstract

The identification of the vertebrate blood meal sources of mosquitoes allows insight to better
understand the dynamics of vector-borne pathogens. To do so, different approaches have been
used, based on the use of the remains of blood present in the abdomen of recently engorged
mosquito females. Among others, different authors have used serological techniques to the more
recently developed approaches based on host DNA amplification or mass spectrometry. These
methods have allowed researchers to identify the vertebrate hosts of mosquitoes accurately to
the species level or, even, at the individual level, providing information on the relative importance
of different mosquito species in the transmission of particular pathogens. These approaches have
been especially relevant to reveal the contact rates between vectors, susceptible and competent
hosts, and mosquito-borne pathogens, including zoonotic ones. Additionally, these methods have
revealed important asymmetries in the attraction of mosquitoes towards different host species,
allowing to identify key vertebrates for the amplification of some pathogens. This chapter reviews
those tools most frequently used for the identification of the blood meals of mosquitoes in order
to highlight the main advantages and limitations of these methodologies.
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Introduction

The blood feeding behaviour of mosquitoes and their competence for the transmission of different
pathogens make these insects one of the main vectors of causative agents of infectious diseases
worldwide (Becker et al. 2010). Different species of mosquitoes of the genera Aedes, Anopheles
and Culex, among others, are considered competent vectors of arbovirus including Dengue
virus, Yellow fever virus, Zika virus or West Nile virus (Christophers 1960, Gutiérrez-Lopez et al.
2019, Kilpatrick et al. 2008, Vasilakis et al. 2011). In addition, parasites including protozoan and
filarial worms are important mosquito-borne pathogens affecting humans, livestock and wildlife
(Christensen and Severson 1993, Valkitnas 2004).

Mosquito females feed on blood to obtain the resources for egg development. Engorged female
mosquitoes with a recent blood meal in their abdomen have been routinely used to identify
the potential hosts of these insects in particular areas revealing that mosquitoes show different
innate feeding preferences, with some species feeding mostly on mammals while others prefer
to bite birds. In addition, different species of mosquitoes use ectotherms as the main blood meal
sources, with records of species such as Uranotaenia sapphirina feeding on amphibians (Cupp et
al. 2004) and Culex hortensis frequently feeding on reptiles (Martinez-de la Puente et al. 2015b).
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Table 1. Examples of studies using different molecular markers for the identification of blood meals of mosquitoes
and other hematophagous arthropods.

Gene Usedin  Otherinsect Hosts identified by ~ Reference
mosquito used the studies

Mitochondrial DNA

12S rDNA not ticks and mammals, birds, Collinietal. 2015
Triatominae reptiles

(€0]] yes vertebrates Alcaide et al. 2009

Cytochrome b yes vertebrates Fornadel et al. 2008

16S RDNA not biting midges  reptiles and Collini et al. 2015
and ticks amphibians

NADH dehydrogenase yes bats, reptiles and Tomaetal. 2014

subunit (ND1) amphibians

Nuclear DNA

Nuclear Ribosomal DNA  yes annelids Reevesetal. 2018

(rDNA)

Prepronociceptin (PNOC)  not biting midges  mammals Hadj-Hennietal. 2015

Alu transposable elements not sand flies humans and non- Siripattanapipong et al. 2018

human primates
Microsatellite yes mammals and birds ~ Martinez de la Puente et al.

2018, Yanetal. 2018

In addition, Miyake et al. (2019) found that Aedes baisasi includes fish as a common blood meal
source in its diet. In spite of that, strong evidence support that many mosquito species show a
relative opportunistic behaviour being able to feed on blood from different species or groups.

Authors have used different methods used for the identification of the vertebrate hosts of
mosquitoes that include, among other, serological techniques, molecular approaches based on
the amplification and sequencing of host DNA or mass spectrometry. Altogether, these methods
have allowed researchers to accurately identify the vertebrate hosts of mosquitoes to the species
level or, even, to the individual level (Alcaide et al. 2009, Beier et al. 1988, Gomes et al. 2001, Tandina
etal. 2018, Yan et al. 2018). Thus, the identification of the vertebrate hosts of mosquitoes may be
considered as an important step to evaluate the risk of transmission of mosquito-borne diseases
(Coulibaly et al. 2016, Githeko et al. 1994, Ndenga et al. 2016). In particular, the identification of
blood meal sources of mosquitoes allows researchers to infer the relative importance of different
species of mosquitoes and/or vertebrate hosts in the transmission of particular pathogens by
tracing the contact rates between vectors, susceptible and competent hosts, and mosquito-borne
pathogens, including zoonotic ones (Ferraguti et al. 2020, Kilpatrick et al. 2006). These approaches
may also allow researchers to identify the importance of particular individuals or groups within
host populations (e.g. according to sex, infection status or odour) for the amplification of vector-
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6. Mosquito blood meal identification

borne pathogens (Lefévre et al. 2010, Yan et al. 2018). These studies add valuable information to
the traditional approaches based on the identification and counting of mosquitoes landing on
the skin of animals (Balenghien et al. 2006, Ndenga et al. 2016) or to studies analysing mosquito
attraction towards animals that are stalled in traps (Balenghien et al. 2006, Cozzarolo et al. 2019).

In this chapter, we review the more frequently used tools for the identification of blood meals of
mosquitoes in order to highlight the main advantages and limitations of these methodologies.

Methods used to identify the blood meal sources of mosquitoes
Serological techniques

Techniques including the precipitin tests, such as haemoglobin crystallisation (Washino and
Else 1972) and passive hemagglutination inhibition (PHI) (Kirsch and Murray 1969, Tempelis and
Rodrick 1972, Weitz 1956), as well as enzyme-linked immunosorbent assays (ELISA) (Gentry et al.
1967, McKinney et al. 1972) have been widely used to identify the hosts of engorged mosquitoes.
All of them basically consist in the identification of the host species of mosquitoes by exposing
the blood meal to immunoglobulin G (IgG) conjugated against different potential host species
(Mwangangi et al. 2003). Although this technique was firstly used to define the role of anophelines
in the transmission of human malaria (Tempelis 1975), these studies have been extended to
multiple species of mosquitoes of the genera Aedes, Culex or Coquillettidia (Gomes et al. 2001,
Kurucz et al. 2006, Lorosa et al. 2010). In spite of that, studies using these methodologies have
some limitations. For example, the accuracy of the host identification based on these methods
may be limited by the availability of specific anti-sera against target species (Martinez-de la
Puente et al. 2018). In addition, cross-reactions may occur in presence of blood from closely
phylogenetic related species (Boakye et al. 1999, Hunter and Bayly 1991). This may limit the utility
of this technique in studies performed under natural conditions where numerous vertebrate
species are available to mosquito bites. For example, studies using serological techniques under
natural conditions fail to identify the hosts of 13-20% of the analysed mosquitoes (Beier et al.
1988, Lorosa et al. 2010). Furthermore, although many studies are able to identify the avian origin
of blood meals, the hosts species of mosquitoes are usually not determined (Lorosa et al. 2010).
This fact together with the differential competence of different species of vertebrates for the
development of pathogens, may limit the epidemiological conclusions obtained in these studies.
An example of that could be the case of studies focus on WNV transmission, a pathogen which
show a differential ability to develop in different species of birds (Linke et al. 2007, Llorente et al.
2013, Pérez-Ramirez et al. 2014). In example, host competence for WNV of passerines use to be
higher than of galliformes and columbiformes (Pérez-Ramirez et al. 2014). Culex quinquefasciatus
is an important vector for WNV, and different studies have shown preference to feed also on birds
with a high capacity to amplify the virus (i.e. passeriforms) (Niebylski and Meek 1992, Zinser et al.
2004). However, it would be highly recommended to use methods allowing the identification of
blood meals of mosquitoes beyond the ordinal level (i.e. species of passeriform), because such
preferences may result in important differences in pathogen amplification (Kilpatrick et al. 2006).

Molecular approaches

The development of molecular techniques such as polymerase chain reaction (PCR) and sequencing
has favoured the identification of vertebrate hosts of mosquitoes to species level (Kent 2009).
These methods are based on the amplification of fragments of nuclear or mitochondrial genes
of the vertebrate hosts using either species-specific primers or universal primers that are able to
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amplify the DNA of a wide range of vertebrates. Different molecular markers have been developed
for this objective (Table 1; Borland and Kading 2021). However, the utility of these techniques is
also limited by factors including the availability of enough well-preserved genetic material in the
mosquito blood meal. The success of host identification decreases as the degradation of the blood
meal increases as supported by studies on mosquito species including Aedes aegypti, Anopheles
atroparvus or Cx. quinquefasciatus (Martinez-de la Puente et al. 2013, Oshaghi et al. 2006, Santos et
al. 2019), although positive identifications are possible after 30-36 hours post ingestion (Oshaghi
et al. 2006), or even, for up to 72 h after blood feeding (Ngo and Kramer 2003). Unfortunately,
for the case of mosquitoes trapped under natural conditions, it is not possible to know the time
spanned since blood meal ingestion to mosquito capture. In these cases, mosquitoes could be
sorted according to their Sella score which consist of a scale from 1, corresponding to mosquitoes
with a recent blood meal, to 7, corresponding to mosquitoes without visible blood and eggs fully
developed in their abdomen (Detinova and Bertram 1962). This may be especially useful in wild-
trapped mosquitoes, as the Sella scoring of mosquitoes’ blood meals was negatively correlated
with the success of host identification using DNA amplification and sequencing (Martinez-de la
Puente et al. 2013, Santos et al. 2019).

Other potential limitation of molecular methods is the availability of reference libraries with the
nuclear and/or mitochondrial gene sequences for the potential vertebrate hosts (Borland and
Kading 2021). Mitochondrial DNA (mtDNA) remains a popular and advantageous sequencing
target for arthropod blood meal identification (Kent 2009). A wide variety of animals are able to be
identified by mtDNA markers including 12S and 16S Mitochondrial Ribosomal DNA (rDNA) (Collini
etal. 2015), NADH Dehydrogenase Subunit | (ND1) (Toma et al. 2014), the cytochrome b (cyt b) and
the cytochrome c oxidase subunit | (Cox1 or COI) genes, the last being the most frequently used
(Alcaide et al. 2009, Kent 2009, Kent and Norris 2005). There are different public databases with
information on the genetic sequences for many vertebrate species, including the Barcode of Life
initiative, which use the COIl gene as a barcode to genetically characterise the worldwide diversity
of vertebrates (Hebert et al. 2003). Nowadays the Barcode Records on BOLD system (https://
www.boldsystems.org/index.php) included 723,297 animal sequences corresponding to 45,744
species. Thus, identification of the vertebrate hosts of mosquitoes could be accurately reached by
comparing the obtained sequence from the mosquito blood meals with those available in public
databases. In those cases where there are not previous characterisations of the COl sequences of
species, using these tools it is also possible to identify the hosts of mosquitoes at lower accurately
taxonomic levels (e.g. Family). However, contrary to the case of the cyt B and COI genes, for other
genes as the prepronociceptin gene (Pnoc) (Hadj-Henni et al. 2015) or Nuclear ribosomal DNA
(rDNA) markers, the reference libraries available are limited (Reeves et al. 2018). In addition, the
low variability in the Pnoc sequences of closely related vertebrate species, as in the case of horses
and donkeys, may limit the accuracy of host identification (Hadj-Henni et al. 2015). This limitation
should be considered together with the fact that mammal red blood cells are not nucleated, so the
DNA available for molecular analyses based on the amplification of nuclear genes may be lower
in these vertebrates compared to groups such as birds.

Mosquitoes” blood meals from a single host are frequently reported, however mosquitoes are able
to feed on different host individuals to complete their blood meals. Records of mixed blood meals
exists for a number of species such as Culex pipiens, Aedes albopictus, or Aedes japonicus (Cebrian-
Camisén et al. 2020) which include mosquitoes fed on different host species or on different
individuals of the same species. In the case of molecular approaches, the analyses of these mixed
blood meals may provide ambiguous DNA sequences with double peaks in the sequencing
electropherograms. With the help of a reference database of potential vertebrate hosts and/
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or the amplification of host DNA using specific-designed primers would be possible to identify
bloodmeals from different hosts species (Alcaide et al. 2009, Kent 2009). This method could be
also useful if intraspecific variability in the amplified region exists within species, as in the case of
the different haplotypes of sheep identified in the blood meal of several hematophagous vectors
in Spain (Calvo et al. 2012). However, when this is not the case, alternative methods could be used
including the amplification and sequencing of highly variable DNA regions (i.e. microsatellites)
at least, when information on the genetic characteristics of the potential hosts of mosquitoes is
available (Yan et al. 2018).

Molecular fingerprinting based on the identification of host microsatellites have been used to
accurately track the hosts of mosquitoes below the species level in studies of the transmission
of pathogens affecting humans and other animals. For example, Scott et al. (2006) identified the
differential susceptibility of humans within a population to the bites of human-malaria vectors.
Similarly, these approaches have been also used in studies on the host selection of mosquitoes
using different animal models including house sparrows (Yan et al. 2018) and pigs (Keven et
al. 2019). Moreover, these approaches have been applied in studies on conservation biology,
to track the individuals of endangered species such as the Iberian lynx (Lynx pardinus) fed by
An. atroparvus in southern Spain (Martinez-de la Puente et al. 2015a). Because mosquitoes have
a limited dispersal range after feeding on blood (for example, Cx. quinquefasciatus reported a
maximum of 168 meters based on the study developed by Greenberg et al. 2012), this method
may provide information on the home range of the target vertebrate individuals. Furthermore,
the blood meals of mosquitoes can be also used to identify certain characteristics of their hosts.
For example, Burkett-Cadena et al. (2014) found that Culiseta melanura, Culex erraticus and Culex
nigripalpus female mosquitoes feed more frequently from male than female birds. Similarly, the
molecular identification of the sex of vertebrate hosts provides information on host selection
by mosquitoes which could be used to build epidemiological models of vector-borne diseases
(Teltscher et al. 2021). This low-cost methodology allows researchers to study the role of sexual
differences in the host utilisation by mosquitoes potentially explaining sex related differences in
the incidence of vector borne pathogens.

One important challenge for studies on the identification of mosquito blood meals is the
development of omics platforms to use in the field. For example, genomic technologies with
field-adapted protocols and powerful miniaturised laboratories designed specifically for field
deployment, such as MinION (Giordano et al. 2017, O'Guinn et al. 2004). This platform has
demonstrated efficacy in cyt b sequencing from wildlife samples (Seah et al. 2020), thus being
potentially useful to trace the hosts of mosquitoes.

Mass spectrometry associated techniques

Different mass spectrometry techniques have been recently used to determine the origin
of arthropod blood meals, including mosquitoes. Liquid chromatography coupled to mass
spectrometry (LC-MS/MS) allows to identify host by specifically targeting proteins present in
blood fed ticks and triatome (Keller et al. 2017, Onder et al. 2013). The obtained spectrum can be
compared to theoretical spectra generated from known protein sequences and publicly available
DNA and protein sequences in databases. Haemoglobin proteins are a well-studied and stable
molecule showing an important potential for this technique, especially to analyse degraded
insect’s blood meals. In addition, quantitative LC-MS/MS may allow researchers to quantify the
amounts of haemoglobin and to detect potential mixed blood meals of mosquitoes (Gerber et al.
2003, Natarajan et al. 2015). However, this technique shows some important limitations including
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the availability of reference sequences of potential host species in published databases. In
addition, haemoglobin proteins show high variability across vertebrates, showing some species
polymorphic haemoglobin peptides which will reduce the resolution of host identification
(Borland and Kading 2021).

The matrix-assisted laser desorption ionisation time of flight mass spectrometry (MALDI-TOF MS)
has been recently used to assess the feeding patterns of mosquitoes. MALDI-TOF MS is based
on a matrix of proteins that are ionised and, based on their mass-charge relationship, a specific
spectrum profile of the analysed species is generated, capable of discerning even closely related
species of primates or felines (Niare et al. 2016, Tandina et al. 2018). MALDI-TOF MS is a quick and
easy method to analyse mosquito blood meals using currently available software (Niare et al.
2016). However, the use of this technique is limited by the absence of public profile databases.
Nowadays, most laboratories build their own libraries considering a limited number of mosquito/
host species (Niare et al. 2016, Tandina et al. 2018). This fact may compromise the use of these
approaches for the study of mosquito blood meals of insects collected in the field (Niare et al.
2016). Furthermore, as previously discussed for the case of molecular approaches, the degradation
of blood meals may affect the quality of the results obtained limiting the accuracy of host
identification using MALDI-TOF MS (Niare et al. 2016). Vertebrate hosts of mosquitoes could be
identified up to 24 h post ingestion, although factors including the storage of the samples could
affect to the result obtained (Niare et al. 2016). Finally, it is important to highlight that MALDI-
TOF have been also used for the identification of mixed blood meals of mosquitoes being able
to detect the last and mixed blood meals of Anopheles gambiae and Ae. albopictus mosquitoes,
although it was impossible to identify the first blood meal in successive blood meals (Tandina et
al. 2020).

Additional information obtained from mosquito blood meals

In addition to reveal mosquito-host interactions, engorged mosquitoes can be also used to
monitor the pathogens harboured by the hosts of these insect vectors. This approach known as
xenosurveillance was defined as a new surveillance technique that utilises the mosquito blood
meals to sample host pathogens (Grubaugh et al. 2015); that allows researchers to identify the
contact rates of potential mosquito vectors and the pathogens which could transmit (Martinez-de
la Puente et al. 2015b). These studies may be improved by the use of next-generation sequencing
technology which is able to detect a high spectrum of pathogens could be used to detect all the
potential pathogens harboured by mosquitoes that could be actively circulating in a particular
area. On the other hand, mosquito blood meals could be used to obtain physiological information
of the vertebrate hosts of mosquitoes. Blood meals of tse tse flies (Habicher et al. 2013) or kissing
bugs (Voigt et al. 2006) have been used for the quantification of host’s hormones allowing,
in example, the determination of pregnancy in female mammals. These approaches could be
potentially used for the case of mosquitoes, although its application could be limited by the
volume of the blood meal.

Concluding remarks

Mosquito blood meals provide a source of host material which could be used to identify the
vertebrate hosts of mosquitoes up to the individual level. Different approaches have been
developed during the last decades, with the molecular approaches likely being the most
commonly used. However, the different techniques used to identify mosquito feeding have their
advantages and disadvantages. Undoubtedly, the technique to be used in each case must be
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previously evaluated based on the availability of specialised laboratory equipment and resources,
the quality and conservation of the samples and the accuracy of the required identifications.
Different approaches could be combined to obtain the most valuable results. For example,
the precipitation test such as ELISA can be combined with a subsequent PCR for the specific
identification of bird species (Apperson et al. 2004). Likewise, given the limited number of species
included in the databases of the spectrum generated by MALDI-TOF MS, molecular methods can
be used to overcome this limitation, allowing greater specificity in the identification of the hosts
of mosquitoes. Altogether, the information obtained from mosquito blood meals may provide a
general overview of the importance of the different species of mosquitoes for the transmission of
mosquito-borne pathogens of public and animal health relevance.

Acknowledgements

This study was funded by the projects PGC2018-095704-B-100 and PID2020-118205GB-100
from the Spanish Ministry of Economy and Competition cofinanced by the European Regional
Development Fund (FEDER). RGL was partially supported by a Margalida Comas contract from
the Government of the Balearic Islands cofinanced by the European Regional Development Fund
(FEDER) (REF-PD/038/2019) and a Juan de la Cierva-Formacion contract.

References

Alcaide M, Rico C, Ruiz S, Soriguer R, Mufioz J and Figuerola J (2009) Disentangling vector-borne transmission networks:
a universal DNA barcoding method to identify vertebrate hosts from arthropod bloodmeals. PLoS ONE 4: €7092.
https://doi.org/10.1371/journal.pone.0007092

Apperson CS, Harrison BA, Unnasch TR, Hassan HK; Irby WS, Savage HM, Aspen SE, Watson DW, Rueda LM, Engber BRand
Nasci RS (2002) Host-feeding habits of Culex and other mosquitoes (Diptera: Culicidae) in the Borough of Queens in
New York City, with characters and techniques for identification of Culex mosquitoes. J Med Entomol 39: 777-785.
https://doi.org/10.1603/0022-2585-39.5.777

Balenghien T, Fouque F, Sabatier P and Bicout DJ (2006) Horse-, bird-, and human-seeking behavior and seasonal
abundance of mosquitoes in a West Nile virus focus of southern France. J Medical Entomol 43: 936-946. https://
doi.org/10.1093/jmedent/43.5.936

Becker N, Petric D, Zgomba M, Boase C, Madon M, Dahl C and Kaiser A. (2010) Mosquitoes and their control. Springer
Science and Business Media, Heidelberg, Germany.

Beier JC, Perkins PV, Wirtz RA, Koros J, Diggs D, Gargan TP and Koech DK (1988) Bloodmeal identification by direct
enzyme-linked immunosorbent assay (ELISA), tested on Anopheles (Diptera: Culicidae) in Kenya. J Medical Entomol
2:9-16. https://doi.org/10.1093/jmedent/25.1.9

Boakye DA, Tang J, Truc P, Merriweather A and Unnasch TR (1999) Identification of bloodmeals in haematophagous
Diptera by cytochrome B heteroduplex analysis. Med Vet Entomol 13: 282-287. https://doi.org/10.1046/j.1365-
2915.1999.00193.x

Borland EM and Kading RC (2021) Modernizing the Toolkit for Arthropod Bloodmeal Identification. Insects 12: 37.
https://doi.org/10.3390/insects12010037

Burkett-Cadena ND, Bingham AM and Unnasch TR (2014) Sex-biased avian host use by arbovirus vectors. R Soc Open
Sci 1: 140262. https://doi.org/10.1098/rs0s.140262

Calvo JH, Berzal B, Calvete C, Miranda MA, Estrada R and Lucientes J (2012) Host feeding patterns of Culicoides species
(Diptera: Ceratopogonidae) within the Picos de Europa National Park in northern Spain. Bull Entomol Res 102: 692.
https://doi.org/10.1017/50007485312000284

Cebrian-Camisén S, Martinez-de la Puente J and Figuerola J (2020) A literature review of host feeding patterns of
invasive Aedes mosquitoes in Europe. Insects 11: 848. https://doi.org/10.3390/insects11120848

Rafael Gutiérrez-L6pez, Josué Martinez-de la Puente, and Jordi Figuerola

Ecology of diseases transmitted by mosquitoes to wildlife Borras - 97GEpgE8693L2
Downloaded from Brill.com 01/04/2024 12:43:53PM

via Open Access. This content is licensed under the CC-BY-NC-ND license.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1371/journal.pone.0007092
https://doi.org/10.1603/0022-2585-39.5.777
https://doi.org/10.1093/jmedent/43.5.936
https://doi.org/10.1093/jmedent/43.5.936
https://doi.org/10.1093/jmedent/25.1.9
https://doi.org/10.1046/j.1365-2915.1999.00193.x
https://doi.org/10.1046/j.1365-2915.1999.00193.x
https://doi.org/10.3390/insects12010037
https://doi.org/10.1098/rsos.140262
https://doi.org/10.1017/S0007485312000284
https://doi.org/10.3390/insects11120848
https://creativecommons.org/licenses/by-nc-nd/4.0/

Rafael Gutiérrez-Ldpez, Josué Martinez-de la Puente and Jordi Figuerola Borras

Christensen BM and Severson DW (1993) Biochemical & molecular basis of mosquito susceptibility to Plasmodium and
filarial nematodes. In: Beckage NE, Thompson SN and Federici BA (eds.) Parasites & Pathogens of Insects 1t edn.
Academic Press, San Diego, CA, USA, pp. 245-266.

Christophers SR (1960) Aedes aegypti: the yellow fever mosquito. CUP Archive.

Collini M, Albonico F, Hauffe HC and Mortarino M (2015) Identifying the last bloodmeal of questing sheep tick nymphs
(Ixodes ricinus L.) using high resolution melting analysis. Vet Parasitol 210: 194-205. https://doi.org/10.1016/j.
vetpar.2015.04.007

Coulibaly B, Kone R, Barry MS, Emerson B, Coulibaly MB, Niare O, Beavogui AH, Traore S, Vernick K and Riehle MM (2016)
Malaria vector populations across ecological zones in Guinea Conakry and Mali, West Africa. Malar J 15: 191. https://
doi.org/10.1186/512936-016-1242-5

Cozzarolo CS, Sironi N, Glaizot O, Pigeault R and Christe P. (2019) Sex-biased parasitism in vector-borne disease: vector
preference? PLoS ONE 14: e0216360. https://doi.org/10.1371/journal.pone.0218452

Cupp EW, Zhang D, Yue X, Cupp MS, Guyer C, Sprenger TR and Unnasch TR (2004) Identification of reptilian and
amphibian blood meals from mosquitoes in an eastern equine encephalomyelitis virus focus in central Alabama.
Am JTrop Med Hyg 71: 272-276. https://doi.org/10.4269/ajtmh.2004.71.272

Detinova TS, Bertram DS (1962) Age-grouping methods in Diptera of medical importance, with special reference to
some vectors of malaria. World Health Organization, Geneva, Switzerland.

Ferraguti M, Heesterbeek H, Martinez-de la Puente J, Jiménez-Clavero MA, Vazquez A, Ruiz S, Loorente F, Roiz D,
Vernooij H, Soriguer R and Figuerola J (2021) The role of different Culex mosquito species in the transmission of
West Nile virus and avian malaria parasites in Mediterranean areas. Transbound Emerg Dis 68: 920-930. https://
doi.org/10.1111/tbed.13760

Fornadel CM and Norris DE (2008) Increased endophily by the malaria vector Anopheles arabiensis in southern
Zambia and identification of digested blood meals. Am J Trop Med Hyg 79: 876-880. https://doi.org/10.4269/
ajtmh.2008.79.876

Gentry JW, Moore CG and Hayes DE (1967) Preliminary report on soluble antigen fluorescent antibody technique for
identification of host source of mosquito blood meals. Mosq News 27: 141-143.

Gerber SA,Rush J, Stemman O, Kirschner MW and Gygi SP (2003) Absolute quantification of proteins and phosphoproteins
from cell lysates by tandem MS. Proc Natl Acad Sci USA 100: 6940-6945. https://doi.org/10.1073/pnas.0832254100

Giordano F, Aigrain L, Quail MA, Coupland P, Bonfield JK, Davies RM, Tischler G, Jackson DK, Keane TM, Li J, Yue JX, Liti
G, Durbin R and Ning Z (2017) De novo yeast genome assemblies from MinlON, PacBio and MiSeq platforms. Sci
Rep 7:3935. https://doi.org/10.1038/541598-017-03996-z

Githeko AK, Service MW, Mbogo CM, Atieli FK and Juma FO (1994) Origin of blood meals in indoor and outdoor resting
malaria vectors in western Kenya. Acta Trop 58: 307-316. https://doi.org/10.1016/0001-706X(94)90024-8

Gomes LA, Duarte R, Lima DC, Diniz BS, Serrdo ML and Labarthe N (2001) Comparison between precipitin and ELISA
tests in the bloodmeal detection of Aedes aegypti (Linnaeus) and Aedes fluviatilis (Lutz) mosquitoes experimentally
fed on feline, canine and human hosts. Mem Inst Oswaldo Cruz 96: 693-695. https://doi.org/10.1590/S0074-
02762001000500020

Greenberg JA, DiMenna MA, Hanelt B and Hofkin BV (2012) Analysis of post-blood meal flight distances in mosquitoes
utilizing zoo animal blood meals. J Vect Ecol 37: 83-89. https://doi.org/10.1111/j.1948-7134.2012.00203.x

Grubaugh ND, Sharma S, Krajacich BJ, Fakoli Il LS, Bolay FK, Diclaro Il JW, Johnson E, Ebel GD, Foy BD and Brackney DE
(2015) Xenosurveillance: a novel mosquito-based approach for examining the human-pathogen landscape. PLoS
Negl Trop Dis 9: €0003628. https://doi.org/10.1371/journal.pntd.0003628

Gutiérrez-Lopez R, Bialosuknia SM, Ciota AT, Montalvo T, Martinez-de la Puente J, Gangoso L, Figuerola J and Kramer LD
(2019) Vector competence of Aedes caspius and Ae. albopictus mosquitoes for Zika virus, Spain. Emerg Infect Dis 25:
346. https://doi.org/10.3201/eid2502.171123

Habicher A, Feldmann U, Kolter L and Nogge G (2013) Tsetse flies as tools for minimally invasive blood sampling. Wild|
Soc Bull 37: 423-427.

Rafael Gutiérrez-L6pez, Josué Martinez-de la Puente, and Jordi Figuerola

120 Ecology of disegses transmitted by mosquitoes to wildlife®"°>"
Downloade rom Brill.cdm 01/04/2024 12:43:53PM

via Open Access. This content is licensed under the CC-BY-NC-ND license.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1016/j.vetpar.2015.04.007
https://doi.org/10.1016/j.vetpar.2015.04.007
https://doi.org/10.1186/s12936-016-1242-5
https://doi.org/10.1186/s12936-016-1242-5
https://doi.org/10.1371/journal.pone.0218452
https://doi.org/10.4269/ajtmh.2004.71.272
https://doi.org/10.1111/tbed.13760
https://doi.org/10.1111/tbed.13760
https://doi.org/10.4269/ajtmh.2008.79.876
https://doi.org/10.4269/ajtmh.2008.79.876
https://doi.org/10.1073/pnas.0832254100
https://doi.org/10.1038/s41598-017-03996-z
https://doi.org/10.1016/0001-706X(94)90024-8
https://doi.org/10.1590/S0074-02762001000500020
https://doi.org/10.1590/S0074-02762001000500020
https://doi.org/10.1111/j.1948-7134.2012.00203.x
https://doi.org/10.1371/journal.pntd.0003628
https://doi.org/10.3201/eid2502.171123
https://creativecommons.org/licenses/by-nc-nd/4.0/

6. Mosquito blood meal identification

Hadj-Henni L, De Meulemeester T, Depaquit J, Noél P, Germain A, Helder R and Augot D (2015) Comparison of
vertebrate cytochrome b and prepronociceptin for blood meal analyses in Culicoides. Front Vet Sci 2: 15. https:/
doi.org/10.3389/fvets.2015.00015

Hebert PD, Ratnasingham S and deWaard JR (2003) Barcoding animal life: cytochrome c oxidase subunit 1 divergences
among closely related species. Proc Biol Sci. 270: $96-599. https://doi.org/10.1098/rsbl.2003.0025

Hunter FF and Bayly R (1991) ELISA for identification of blood meal source in black flies (Diptera: Simuliidae). J Med
Entomol 28: 527-532. https://doi.org/10.1093/jmedent/28.4.527

Keller JI, Ballif BA, St. Clair RM, Vincent JJ, Monroy MC and Stevens L (2017) Chagas disease vector blood meal sources
identified by protein mass spectrometry. PloS ONE 12: e0189647. https://doi.org/10.1371/journal.pone.0189647

Kent RJ (2009) Molecular methods for arthropod bloodmeal identification and applications to ecological and vector-
borne disease studies. Mol Ecol Resour 9: 4-18. https://doi.org/10.1111/j.1755-0998.2008.02469.x

Kent RJ and Norris DE (2005) Identification of mammalian blood meals in mosquitoes by a multiplexed polymerase
chain reaction targeting cytochrome B. Am J Trop Med Hyg 73: 336-342.

Keven JB, Walker, ED and Venta PJ (2019) A microsatellite multiplex assay for profiling pig DNA in mosquito bloodmeals.
J Med Entomol 56: 907-914. https://doi.org/10.1093/jme/tjz013

Kilpatrick AM, Daszak P, Jones MJ, Marra PP and Kramer LD (2006) Host heterogeneity dominates West Nile virus
transmission. Proc R Soc B: Biol Sci 273: 2327-2333. https://doi.org/10.1098/rspb.2006.3575

Kilpatrick AM, Meola MA, Moudy RM and Kramer LD (2008) Temperature, viral genetics, and the transmission of West
Nile virus by Culex pipiens mosquitoes. PLoS Pathog 4: €1000092. https://doi.org/10.1371/journal.ppat.1000092

Kirsch JAW and Murray MD (1969) A scheme for the identification of the blood of Australasian marsupials. Aust J Zool
17:799-816.

Kurucz MV, Savage HM, Lopatina JV, Bulgakova TA, Ivanitsky AV, Platonova OV and Platonov AE (2006) Evaluation
of potential West Nile virus vectors in Volgograd region, Russia, 2003 (Diptera: Culicidae): species composition,
bloodmeal host utilization, and virus infection rates of mosquitoes. J Med Entomol 43: 552-563. https://doi.
0rg/10.1093/jmedent/43.3.552

Lefevre T, Gouagna LC, Dabiré KR, Elguero E, Fontenille D, Renaud F, Costantini Cand Thomas F (2010) Beer consumption
increases human attractiveness to malaria mosquitoes. PloS One 5: €9546. https://doi.org/10.1371/journal.
pone.0009546

Linke S, Ellerbrok H, Niedrig M, Nitsche A and Pauli G (2007) Detection of West Nile virus lineages 1 and 2 by real-time
PCR. J Virol Met 146: 355-358. https://doi.org/10.1016/j.jviromet.2007.05.021

Llorente F, Pérez-Ramirez E, Ferndndez-Pinero J, Soriguer R, Figuerola J and Jiménez-Clavero MA (2013) Flaviviruses in
game birds, southern Spain, 2011-2012. Emerg Infect Dis 19: 1023. https://doi.org/10.3201/eid1906.130122

Lorosa ES, Faria MS, De Oliveira LCM, Alencar J and Marcondes CB (2010) Blood meal identification of selected
mosquitoes in Rio De Janeiro, Brazil. J Am Mosq Cont Ass 26: 18-23. https://doi.org/10.2987/09-5914.1

Martinez-de la Puente J, Ferraguti M, Ruiz S, Montalvo T, Soriguer RC and Figuerola, J (2018) Tracing pathogen
transmission by mosquitoes under a global change perspective: on the role of the identification of mosquito
bloodmeals. eLS, 1-8.

Martinez-de la Puente J, Méndez M, Ruiz S, Godoy JA, Soriguer RC and Figuerola J (2015a) Individual identification of
endangered species using mosquito blood meals: A proof-of-concept study in Iberian lynx. Parasitol Res 114: 1607-
1610. https://doi.org/10.1007/s00436-015-4343-0

Martinez-de la Puente J, Mufioz J, Capelli G, Montarsi F, Soriguer R, Arnoldi D, Rizzoli A and Figuerola J (2015b) Avian
malaria parasites in the last supper: identifying encounters between parasites and the invasive Asian mosquito
tiger and native mosquito species in Italy. Malar J 14: 1-7. https://doi.org/10.1186/512936-015-0571-0

Martinez-de la Puente J, Ruiz S, Soriguer R and Figuerola J (2013) Effect of blood meal digestion and DNA extraction
protocol on the success of blood meal source determination in the malaria vector Anopheles atroparvus. Malar J
12: 1-6. http://dx.doi.org/10.1186/1475-2875-12-109

McKinney RM, Spillane JT and Holden P (1972) Mosquito blood meals: identification by a fluorescent antibody method.
Am JTrop Med Hyg 21: 999-1003.

Rafael Gutiérrez-L6pez, Josué Martinez-de la Puente, and Jordi Figuerola

Ecology of diseases transmitted by mosquitoes to wildlife Borras - 97GEypos69IL2
Downloaded from Brill.com 01/04/2024 12:43:53PM

via Open Access. This content is licensed under the CC-BY-NC-ND license.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.3389/fvets.2015.00015
https://doi.org/10.3389/fvets.2015.00015
https://doi.org/10.1098/rsbl.2003.0025
https://doi.org/10.1093/jmedent/28.4.527
https://doi.org/10.1371/journal.pone.0189647
https://doi.org/10.1111/j.1755-0998.2008.02469.x
https://doi.org/10.1093/jme/tjz013
https://doi.org/10.1098/rspb.2006.3575
https://doi.org/10.1371/journal.ppat.1000092
https://doi.org/10.1093/jmedent/43.3.552
https://doi.org/10.1093/jmedent/43.3.552
https://doi.org/10.1371/journal.pone.0009546
https://doi.org/10.1371/journal.pone.0009546
https://doi.org/10.1016/j.jviromet.2007.05.021
https://doi.org/10.3201/eid1906.130122
https://doi.org/10.2987/09-5914.1
https://doi.org/10.1007/s00436-015-4343-0
https://doi.org/10.1186/s12936-015-0571-0
http://dx.doi.org/10.1186/1475-2875-12-109
https://creativecommons.org/licenses/by-nc-nd/4.0/

Rafael Gutiérrez-Ldpez, Josué Martinez-de la Puente and Jordi Figuerola Borras

Miyake T, Aihara N, Maeda K, Shinzato C, Koyanagi R, Kobayashi H and Yamahira K (2019) Bloodmeal host identification
with inferences to feeding habits of a fish-fed mosquito, Aedes baisasi. Sci Rep 9: 4002 https://doi.org/10.1038/
$41598-019-40509-6

Mwangangi JM, Mbogo CM, Nzovu JG, Githure JI, Yan G and Beier JC (2003) Blood-meal analysis for anopheline
mosquitoes sampled along the Kenyan coast. J Am Mosq Cont Ass 19: 371-375.

Natarajan C, Hoffmann FG, Lanier HC, Wolf CJ, Cheviron ZA, Spangler ML, Weber RE, Fago A and Storz JF (2015)
Intraspecific polymorphism, interspecific divergence, and the origins of function-altering mutations in deer mouse
hemoglobin. Mol Biol Evol 32: 978-999. https://doi.org/10.1093/molbev/msu403

Ndenga BA, Mulaya NL, Musaki SK, Shiroko JN, Dongus S and Fillinger U (2016) Malaria vectors and their blood-
meal sources in an area of high bed net ownership in the western Kenya highlands. Malar J 15: 76. https://doi.
0rg/10.1186/512936-016-1115-y

Niare S, Berenger JM, Dieme C, Doumbo O, Raoult D, Parola P and Almeras L (2016) Identification of blood meal sources
in the main African malaria mosquito vector by MALDI-TOF MS. Malar J 15: 87. https://doi.org/10.1186/512936-
016-1152-6

Niebylski ML and Meek CL (1992) Blood-feeding of Culex mosquitoes in an urban environment. J Am Mosq Cont Ass
8:173-177.

Ngo KA and Kramer LD (2003) Identification of mosquito bloodmeals using polymerase chain reaction (PCR) with order-
specific primers. J Med Entomol 40: 215-222. https://doi.org/10.1603/0022-2585-40.2.215

O'Guinn ML, Lee JS, Kondig JP, Fernandez R and Carbajal F (2004) Field detection of eastern equine encephalitis
virus in the Amazon Basin region of Peru using reverse transcription-polymerase chain reaction adapted for
field identification of arthropod-borne pathogens. Am J Trop Med Hyg 70: 164-171. https://doi.org/10.4269/
ajtmh.2004.70.164

Onder O, Shao W, Kemps BD, Lam H and Brisson D (2013) Identifying sources of tick blood meals using unidentified
tandem mass spectral libraries. Nat Commun 4: 1-10. https://doi.org/10.1038/ncomms2730

Oshaghi MA, Chavshin AR, Hassan V, Fatemeh Y, Fatemeh M and Nahid N (2006) Effects of post-ingestion and physical
conditions on PCR amplification of host blood meal DNA in mosquitoes. Exp Parasitol 112: 232-236. https://doi.
0rg/10.1016/j.exppara.2005.11.008

Pérez-Ramirez E, Llorente F and Jiménez-Clavero MA (2014) Experimental infections of wild birds with West Nile virus.
Viruses, 6: 752-781. https://doi.org/10.3390/v6020752

Reeves LE, Gillett-Kaufman JL, Kawahara AY and Kaufman PE (2018) Barcoding blood meals: new vertebrate-specific
primer sets for assigning taxonomic identities to host DNA from mosquito blood meals. PLoS Negl Trop Dis 12:
€0006767. https://doi.org/10.1371/journal.pntd.0006767

Santos CS, Pie MR, da Rocha TC and Navarro-Silva MA (2019) Molecular identification of blood meals in mosquitoes
(Diptera, Culicidae) in urban and forested habitats in southern Brazil. PloS One, 14: €0212517. https:/doi.
org/10.1371/journal.pone.0212517

Scott TW, Githeko AK, Fleisher A, Harrington LC and Yan G (2006) DNA profiling of human blood in anophelines
from lowland and highland sites in western Kenya. Am J Trop Med Hyg 75: 231-237. https://doi.org/10.4269/
ajtmh.2006.75.231

Seah A, Lim MCW, McAloose D, Prost S and Seimon TA (2020) MinlON-based DNA barcoding of preserved and non-
invasively collected wildlife samples. Genes 11: 445. https://doi.org/10.3390/genes11040445

Siripattanapipong S, Leelayoova S, Ninsaeng U and Mungthin M (2018) Detection of DNA of Leishmania siamensis in
Sergentomyia (Neophlebotomus) iyengari (Diptera: Psychodidae) and molecular identification of blood meals of
sand flies in an affected area, Southern Thailand. J Med Entomol 55: 1277-1283. https://doi.org/10.1093/jme/tjy069

Tandina F, Laroche M, Davoust B, Doumbo OK and Parola P (2018) Blood meal identification in the cryptic species
Anopheles gambiae and Anopheles coluzzii using MALDI-TOF MS. Parasite 25: 40. https://doi.org/10.1051/
parasite/2018041

Tandina F, Niare S, Almera L, Davoust B, Doumbo OK, Raoult D, Parola P and Laroche M (2020) Identification of mixed and
successive blood meals of mosquitoes using MALDI-TOF MS protein profiling. Parasitology 147: 329-339. https://
doi.org/ 10.1017/5003118201900163X

Rafael Gutiérrez-L6pez, Josué Martinez-de la Puente, and Jordi Figuerola

122 Ecology of disegses transmitted by mosquitoes to wildlife®"°>"
Downloade rom Brill.cdm 01/04/2024 12:43:53PM

via Open Access. This content is licensed under the CC-BY-NC-ND license.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1038/s41598-019-40509-6
https://doi.org/10.1038/s41598-019-40509-6
https://doi.org/10.1093/molbev/msu403
https://doi.org/10.1186/s12936-016-1115-y
https://doi.org/10.1186/s12936-016-1115-y
https://doi.org/10.1186/s12936-016-1152-6
https://doi.org/10.1186/s12936-016-1152-6
https://doi.org/10.1603/0022-2585-40.2.215
https://doi.org/10.4269/ajtmh.2004.70.164
https://doi.org/10.4269/ajtmh.2004.70.164
https://doi.org/10.1038/ncomms2730
https://doi.org/10.1016/j.exppara.2005.11.008
https://doi.org/10.1016/j.exppara.2005.11.008
https://doi.org/10.3390/v6020752
https://doi.org/10.1371/journal.pntd.0006767
https://doi.org/10.1371/journal.pone.0212517
https://doi.org/10.1371/journal.pone.0212517
https://doi.org/10.4269/ajtmh.2006.75.231
https://doi.org/10.4269/ajtmh.2006.75.231
https://doi.org/10.3390/genes11040445
https://doi.org/10.1093/jme/tjy069
https://doi.org/10.1051/parasite/2018041
https://doi.org/10.1051/parasite/2018041
https://doi.org/
https://doi.org/
https://creativecommons.org/licenses/by-nc-nd/4.0/

6. Mosquito blood meal identification

Teltscher F, Bouvaine S, Gibson G, Dyer P, Guest J, Young S and Hopkins RJ (2021) Understanding mosquito host-choice
behaviour: a new and low-cost method of identifying the sex of human hosts from mosquito blood meals. Parasites
Vectors 14: 1-9. https://doi.org/10.1186/s13071-021-04577-w

Tempelis CH (1975) Host-feeding patterns of mosquitoes, with a review of advances in analysis of blood meals by
serology. J Med Entomol 11: 635-653.

Tempelis CH and Rodrick ML (1972) Passive hemagglutination inhibition technique for the identification of arthropod
blood meals. Am J Trop Med Hyg 21: 238-245.

Toma T, Miyagi | and Tamashiro M (2014) Blood meal identification and feeding habits of Uranotaenia species collected
in the Ryukyu archipelago. J Am Mosq Control Assoc 30: 215-218. https://doi.org/10.2987/14-6398R.1

Valkitinas G (2004) Avian malaria parasites and other haemosporidia. CRC press, Boca Raton, FL, USA.

Vasilakis N, Cardosa J, Hanley KA, Holmes EC and Weaver SC (2011) Fever from the forest: prospects for the continued
emergence of sylvatic dengue virus and its impact on public health. Nat Rev Microbiol 9: 532-541. https://doi.
0rg/10.1038/nrmicro2595

Voigt CC, Peschel U, Wibbelt G and Frolich K (2006) An alternative, less invasive blood sample collection technique
for serologic studies utilizing Triatomine bugs (Heteroptera; Insecta). J Wildl Dis 42: 466-469. https://doi.
0rg/10.7589/0090-3558-42.2.466

Washino RK and Else JG (1972) Identification of blood meals of hematophagous arthropods by the hemoglobin
crystallization method. Am J Trop Med Hyg 21: 120-122. https://doi.org/10.4269/ajtmh.1972.21.120

Weitz B (1956) Identification of blood meals of blood-sucking arthropods. Bull. World Health Organ 15: 473. https:/
apps.who.int/iris/handle/10665/265752

Yan J, Martinez-de la Puente J, Gangoso L, Gutiérrez-Lopez R, Soriguer R and Figuerola J (2018) Avian malaria
infection intensity influences mosquito feeding patterns. Int J Parasitol 48: 257-264. https://doi.org/10.1016/].
ijpara.2017.09.005

Zinser M, Ramberg F and Willott E (2004) Scientific Note Culex quinquefasciatus (Diptera: Culicidae) as a potential West
Nile virus vector in Tucson, Arizona: Blood meal analysis indicates feeding on both humans and birds. J Insect Sci
4:20. https://doi.org/10.1093/jis/4.1.20

Rafael Gutiérrez-L6pez, Josué Martinez-de la Puente, and Jordi Figuerola

Ecology of diseases transmitted by mosquitoes to wildlife Borras - 97GE5g6869312
Downloaded from Brill.com 01/04/2024 12:43:53PM

via Open Access. This content is licensed under the CC-BY-NC-ND license.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1186/s13071-021-04577-w
https://doi.org/10.2987/14-6398R.1
https://doi.org/10.1038/nrmicro2595
https://doi.org/10.1038/nrmicro2595
https://doi.org/10.7589/0090-3558-42.2.466
https://doi.org/10.7589/0090-3558-42.2.466
https://doi.org/10.4269/ajtmh.1972.21.120
https://apps.who.int/iris/handle/10665/265752
https://apps.who.int/iris/handle/10665/265752
https://doi.org/10.1016/j.ijpara.2017.09.005
https://doi.org/10.1016/j.ijpara.2017.09.005
https://doi.org/10.1093/jis/4.1.20
https://creativecommons.org/licenses/by-nc-nd/4.0/



