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Preface

Growing globalization of trade, expanding worldwide travel activity and global changes in
micro- and macroclimatic conditions increase the risk of importation to and establishment
in Europe of formerly exotic arthropods capable to transmit novel vector-borne pathogens.
Thus, in recent years various invasive mosquito species expanded their range in Europe, for
example the Japanese bush mosquito or the Asian tiger mosquito, which have a high vec-
tor competence for various pathogens. The presence of several new arthropod-borne viruses
and exotic nematodes document an increasing entry of these pathogens. Regarding arthropod
pests especially the appearance of the small hive beetle in Italy causes concern.

The symposium “Arthropod-borne infectious diseases and arthropods as disease agents in
human and animal health” which was jointly organized by the German Academy of Sciences
Leopoldina, the Friedrich-Loeffler-Institut and the Humboldt-Universitdit zu Berlin, brought
together internationally recognized experts in the fields of taxonomy, epidemiology, vector
and pathogen research, and biology of arthropod pests in order to promote scientific exchange
between the individual disciplines and to support coordinated programmes.

The auditorium agreed that a basic prerequisite for the successful control of arthropods
and the pathogens they transmit is to conduct coordinated research in the areas of (infec-
tion)biology and epidemiology, including revision of arthropod taxonomy using new OMICS
technologies. While research on arthropods, in particular on their taxonomy, has been declin-
ing in the past decades, the global increase in infectious diseases transmitted by arthropod
vectors and the returning recognition of arthropods as significant pests sparked renewed sci-
entific interest in different countries by a variety of experts with in-depth knowledge of their
specific areas. The challenge is to bring this multitude of expertise together for a coordinated
effort. This symposium was intented to provide a first platform. To maintain a high level of
awareness even over longer periods it is now understood also at the highest political level that
neglected tropical diseases are no longer restricted to developing countries with no significant
global impact. The expansion of vector populations and the increase in vector-borne infec-
tions, exemplified by the recent catastrophic epidemic of zika virus in Brazil, transmitted by
Aedes aegypti which had been nearly eradicated from this part of the world a few decades
ago, is a tell-tale sign that action is needed. This includes raising the awareness in the medical
community of new pathogens transmitted by vectors.

The involvement of citizens in research in the frame of Citizen Science Projects particu-
larly in the field of research on arthropods and arthropod borne diseases becomes increasingly
important. The public evening event at the historic animal anatomical theater in the “Lang-
hansbau” on the campus of the Humboldt Universitdt, which focussed on the diversity of
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arthropods from a molecular biological point of view, offered an opportunity to gain deeper
insights into current research on the topic.

The organizers would like to thank Merial, Bayer HealthCare, and the Interdisciplinary
Center of Infection Biology and Immunity (ZIBI) for supporting the symposium.

Thomas C. METTENLEITER ML, Stefanie BECKER, Theodor HIEPE ML, Richard Lucrius, and
Bianca Marina BUSSMANN
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Approaches to Infer Local Vectorial Capacity:
From Rapid Assays to Population Genomics
and Transcriptomics

Dina M. Fonseca (New Brunswick NJ, USA)

Abstract

Variability in vectorial capacity among mosquitoes and other disease vectors is perversely the only clear constant.
“Anophelism without malaria”, the observation that malaria transmission varied widely among areas all seemingly
inhabited by the same Anopheles species, led to the identification of cryptic species. This notion was later expanded
to the recognition of cryptic populations: when vector populations with differing vectorial capacity have recogniz-
able genetic signatures rapid assays can be used in the assessment of risk. However, hybridization/mixing or sig-
nificant behavioural and/or physiological differences between recently diverged populations can make rapid assays
insufficient and require more thorough multilocus genotyping. Further, new studies show that prior experiences such
as larval crowding, type of food, or the microbiome can also affect vectorial capacity. Recent advances in genomic
and transcriptomic analyses offer hope. I summarize the relevant literature in order to stimulate a discussion on cur-
rent practices, aims, limitations and future directions.

Zusammenfassung

Die Variabilitit in der Vektorkapazitit ist unter Stechmiicken und anderen Krankheitsvektoren ungliicklicher Weise
die einzige klare Konstante. ,,Anophelismus ohne Malaria“, d. h. die Beobachtung, dass die Malariaiibertragung
in den Gebieten, die scheinbar von den gleichen Anopheles-Arten bewohnt werden, erheblich variiert, fiihrte zur
Bestimmung kryptischer Arten. Diese Vorstellung wurde spéter zur Anerkennung von kryptischen Populationen
erweitert: Wenn die Vektorpopulationen mit verschiedenen Vektorkapazititen erkennbare genetische Unterschiede
aufweisen, konnen Schnell-Assays zur Abschitzung der Risiken verwendet werden. Hybridisierung/Vermischung
oder deutliche Unterschiede in Verhalten und/oder Physiologie zwischen seit kurzem divergierenden Populationen
konnen Schnell-Assays als unzureichend erscheinen lassen und erfordern sorgfiltiges Multilokus-Genotyping. Neue
Studien haben gezeigt, dass frithere Erfahrungen, etwa der Raupenbesatz, die Art des Futters oder das Mikrobiom,
die Vektorkapazitit ebenfalls beeinflussen konnen. Neue Fortschritte in der Genom- und Transkriptom-Analyse ma-
chen Hoffnung. Ich fasse die relevante Literatur zusammen, um die Diskussion gegenwirtiger Praktiken, Ziele,
Einschriankungen und zukiinftiger Entwicklungsrichtungen voranzubringen.

1. Introduction

In past centuries, yellow fever, lymphatic filariasis, dengue and malaria raged across temper-
ate and tropical regions resulting in thousands of deaths and severe morbidity. The realization
late in the 19" century of the role of mosquitoes as vectors of the agents of these diseases
led to highly productive research and eventually to unprecedented worldwide coordinated
efforts for their control and prevention (GUBLER 1998). However, since the late 1960s subpar
sanitation in the world’s fast growing cities and the lack of concerted efforts to control urban
mosquitoes have led to an increase in abundance and re-expansion of the invasive mosquitoes,
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Aedes aegypti and Culex quinquefasciatus in the world’s tropical cities and Cx. pipiens in
temperate cities (LEMON et al. 2008). Additionally, the widespread movement of cargo and
people has facilitated the expansion worldwide of new mosquito species, specifically Aedes
albopictus, a species with both tropical and temperate populations, and Ae. japonicus japoni-
cus, a cold-adapted species (LouNiBos 2002). As a result, the likelihood of someone being bit
by a mosquito inside or near his or her home is currently high across the world (HALASA et al.
2012, and references therein). Not altogether surprisingly epidemics of lymphatic filariasis,
dengue, chikungunya and now zika viruses have exploded in the world’s tropical cities and
threaten temperate cities (LUCEY and GOSTIN 2016).

However, although infected travellers regularly arrive in temperate cities teaming with
potential mosquito vectors, so far with the exception of West Nile virus (WNYV), arboviral
diseases vectored by invasive mosquitoes have only had limited incursions into the temperate
zone (CHRISTOFFERSON 2016). Clearly, a complete understanding of the factors underlying
arboviral epidemiology is the key to the development and implementation of strategies for
controlling these diseases in the tropics and preventing their expansion to the temperate zone.
Although well-developed infrastructure such as good housing and sanitation as well as access
to health services, overall the norm in the developed world, are obviously important, the pres-
ence of dense urban populations of potentially capable vectors surely paves the way for epi-
demics when hosts infected with disease agents arrive (BONILAURI et al. 2008, GuzMAN and
HaRrris 2015). In fact West Nile virus has infected thousands, likely millions, of American
citizens contributing to the untimely death of many, indicating that North American residents
are being routinely bit by Culex mosquitoes, and has become endemic in North America in
spite of extensive measures for its control (KRAMER et al. 2007).

The epidemiology of mosquito-borne diseases depends on the vectorial capacity of local
populations. Vectorial capacity is defined as the ability to spread disease among hosts and re-
flects (/.) the ability of local mosquito populations to become infected and transmit a specific
pathogen (vector competence) and (2.) their ecology and behaviour such as their abundance,
longevity and choice of blood-hosts (GARRETT-JONES 1964).

While the realization that vectorial capacity can differ among mosquito infested areas
arose early from work on Anopheles vectors of human malaria in Europe (BATES 1940, JET-
TEN and TAKKEN 1994, SEDAGHAT et al. 2003), this notion is still often dismissed in the epi-
demiology and control of diseases transmitted by invasive mosquitoes. I propose the reasons
underlying this dichotomy are primarily methodological: it is hard to detect and quantify
differences in vectorial capacity among populations without some independent way to tell
them apart. In what follows I will discuss the evidence of intraspecific variability in vectorial
capacity in invasive species, briefly summarize current DNA-based strategies for population
identification, focusing on their operational use. I will also discuss some of the newer findings
using genomics and transcriptomics. My objective is to stimulate the development of more
precise and accurate strategies to identify and control populations of critical invasive vectors
with minimal waste of insecticides and effort.

2. A Short History

Soon after Anopheles maculipennis mosquitoes were indicted as vectors of human Plasmo-
dium in Europe, local researchers observed the consistent absence of malaria cases in areas

12 Nova Acta Leopoldina NF Nr. 471, 11-21 (2016)
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where the species was seemingly abundant. This observation later dubbed “Anophelism with-
out malaria” provided the impetus for careful analyses of local populations and the discovery
of several phylogenetically closely related species (sibling species) with significant differences
in vectorial capacity to human malaria (JETTEN and TAKKEN 1994). In fact, ecological and/or
behavioural characters such as temperature or salinity tolerances, ability to mate in confined
spaces or associations with specific blood hosts, which incrementally restrict gene flow among
populations and ultimately lead to speciation, are often also critical drivers of vectorial capaci-
ty (BROWN et al. 2014, SEVERSON and BEHURA 2012, TAKKEN and KNoLs 1999). It should be
noted, that while some species are identifiable morphologically, the incremental understanding
of the many Anopheles complexes across the World involved the use of state-of-the-art cytoge-
netic and, more recently, genotypic, genomic and transcriptomic approaches (LAWNICZAK et
al. 2010). Knowing which sibling or cryptic species is present and their abundance therefore
is epidemiologically relevant and informs expectations of disease risk and strategies for ma-
laria control (JETTEN and TAKKEN 1994). Of note, these early experiences shaped research on
Anopheles and have led to the important discovery that epidemiologically critical variation
may also occur among different populations of the same species (WHITE et al. 2011).

3. Intra-Specific Variation in Vector Competence

Recent studies on vector competence have revealed a complex genetic basis such that closely
related individuals in the same population can range from permissive to refractory to specif-
ic disease agents (BEERNTSEN et al. 2000). Therefore, from an epidemiological standpoint
“vector competence” is an average population attribute that however is also dependent on the
viral titre and viral strain (LAMBRECHTS et al. 2009). This means that demographic processes
such as random population bottlenecks or selection (such as after insecticide applications)
can swiftly change the vector competence of local populations. Recent work has also shown
that vector competence can be altered by events acting during development, such as larval
competition (ALTO et al. 2008) or rearing temperature (CARRINGTON et al. 2013), and by the
composition of the microbiome (WEIss and Aksoy 2011, JUPATANAKUL et al. 2014). Not sur-
prisingly, field studies revealed wide variation in competence at very fine spatial and temporal
scales (BENNETT et al. 2002, KiLPATRICK et al. 2010). While the identification of the specific
mechanisms underlying vector competence may one day allow the control of vector-borne
diseases (TABACHNICK 2013), perversely for now such broad intra-specific variation in vector
competence negates its operational use. Instead, we fall back on the idea that some species are,
on average or in our collective experience, better vectors of specific disease agents than others.

4. Intra-Specific Variation in Vectorial Capacity

The use of recognizable species as our compass, however, is undermined by the fact that high-
ly relevant ecological and/or behavioural characteristics may also differ significantly among
populations. As summarized in Table 1, four of the worldwide invasive mosquito species,
namely Aedes aegypti, Ae. albopictus, Culex pipiens and Cx. quinquefasciatus, have pop-
ulations differing in ecology and behaviour. For example, the Asian tiger mosquito, Aedes
albopictus has temperate and tropical “forms” (for lack of a better term, unfortunately species

Nova Acta Leopoldina NF Nr. 471, 11-21 (2016) 13
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Tab. 1| Summary of documented differences in characteristics relevant to vectorial capacity among populations of world-
wide invasive mosquito species. Some populations are referred as subspecies or forms, neither recognized categories by
the Zoological Code of Nomenclature (Anonymus 1999). “Geography™ is approximate, and “% H” refers to the relative
(approximate) percentage of human blood meals obtained from the literature. Taxonomy follows WILKERSON et al (2015).

Species Populations Characteristics Geography  %H References!'!
Aedes aegypti Ae. aegypti formosus Feral, non-human  Africa <5 LouNiBos 1981, MAT-
(tropical) (Aaf) primate biter, tree- TINGLY 1957, McCLEL-
holes LAND and WEITZ 1963,
Ae. aegypti formosus Peridomestic!?! Africa - PowELL and
Ae. aegypti aegypti  Peridomestic, Worldwide  ~90 TABACHNICK 2013,
(Aaa) ~ human biter ) SYLLA et al. 2009, TRPIS
Ae. aegypti aegypti ~ Domestic®! Africa, >99 and HAUSERMANN 1978
Worldwide?
Aaa x Aaf Peridomestic, W Africa ~50
human biter
Aedes albopictus temperate Diapausing eggs, N Asia, 30-75 Faranetal. 2014,
natural containers, Worldwide PONLAWAT and
feral/peridomestic HARRINGTON 2005,
tropical Non-diapausing, S Asia, 90-100 UrBANSKI et al. 2012
natural containers, Worldwide
feral/peridomestic _ tropical
Culex pipiens Cx. p. pipiens f. Diapausing, feral,  Africa, <5 GODDARD et al. 2002,
(temperate) pipiens bird biter, Europe Kassim 2011, MOLAEL
eurigamous!¥ et al. 2006, OSORIO
Cx. p. pipiens f. Non-diapausing Worldwide,  50-100 ¢t al. 2014, SAWABE
molestus Domestic underground et al. 2010, TAKKEN
in temperate and VERHULST 2013,
zone TURELL et al. 2014,
Cx. p. pallens Diapausing, N Asia ~40 VAIDYANATHAN and
peridomestic, Scorr 2007
bird biter, steno-
gamous!¥!
Cx. p. pipiens Diapausing, USA, 5-50
f. pipiens x f. mo- peridomestic, S Europe,
lestus bird/mammal biter, N Africa
stenogamous
Cx. pipiens x Cx. Variable degree of Variable, USA, Mada- - KOTHERA et al. 2009,
quinquefasciatus  hybridization stenogamous gascar, MIicIELI et al. 2013,
Argen- SAVAGE et al. 2007, 2008,
tina, Japan STRICKMAN and FONSECA
2012, URBANELLI et al.
1997
Culex quinque- ~ Old World bird biter Asia, Africa, 10-50 TAKKEN and VERHULST
fasciatus (tropi- Australia, 2013, AGRAWAL 2015,
cal, non-dia- Hawaii CHAVES et al. 2009,
pausing) New World bird biter Americas, 5-50 GARCIA-REJON et al.
Hawaii 2010, GoMEs et al. 2003,
Domesticl! human-biter Worldwide ~ >90

JANSSEN et al. 2015,
MATTINGLY 1962a, b,
MBOERA and TAKKEN
2003, RICHARDS et al.
2010, ZINSER et al. 2004

[1] “References” includes the most relevant and recent references for the taxonomy, characteristics and geography.
Reviews were included when available.
[2] “Peridomestic” refers to mosquitoes that commonly lay eggs in artificial water containers (small or large) associ-
ated with or within suburban or urban areas.
[3] “Domestic” mosquitoes live inside houses and bite people exclusively; they lay eggs in water containers indoors
or in sewers and underground locations. They are also stenogamous (see below).
[4] “Stenogamous” and “Eurigamous” refers to individuals willing and un-willing to mate in confined spaces (in-
doors, for example), respectively. Eurigamous populations commonly swarm around cues prior to mating.
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definitions have not caught up with taxonomic usefulness [WILKERSON et al. 2015]). Temper-
ate forms start laying diapausing eggs (that survive the winter and hatch in the spring) as day-
length decreases below threshold in early fall, while tropical forms are incapable of doing so
(UrBANSKI et al. 2010). The two forms have differing patterns of genetic diversity consistent
with the hypothesis that the temperate form may have become associated with early farming
communities in temperate East Asia and Indochina approximately 9,000 years ago (PORRET-
TA et al. 2012). If that scenario is true, then association with humans (i.e. domestication) may
have facilitated the evolution of diapause, a complex physiological process in that species
(Lounisos et al. 2003, REYNOLDS et al. 2012). Due to its recent worldwide expansion, exten-
sive population genetic and phenotypic analysis in this species are still lagging and likely con-
tribute to some of the controversy regarding the importance of this species as a disease vector.

Domestication seems to have also been the primary driver of differentiation in Aedes
aegypti. Feral forms of Ae. aegypti, namely Ae. aegypti formosus (the accepted terminology),
are restricted to Africa, the native range. Recent studies using first a panel of high-resolution
microsatellite loci and then a dense array of thousands of Single Nuclear Polymorphic (SNP)
loci indicate that current worldwide human-associated populations of Ae. aegypti, namely
Ae. aegypti aegypti, originated from a single “out-of-Africa” event of a domesticated form
(BrowN et al. 2014, 2011), although newer domestication events appear to be occurring in
African cities (BROWN et al. 2014). In fact this phenomenon, where native species adapt to
and invade human modified habitats becoming “native invasive” (SIMBERLOFF et al. 2011)
may play a much larger role in urban vector-borne disease transmission than is currently
accepted (JOHNSON et al. 2015).

Another worldwide invasive, Culex pipiens is native to the cooler mountaintops of Africa
and to Europe where it is a widespread canopy dwelling bird-biting mosquito (CORNEL et al.
2003, MEDLOCK et al. 2012). Using high-resolution microsatellite loci (FONSECA et al. 2004)
demonstrated that populations of Cx. pipiens pipiens form molestus, which occur worldwide and
are predominantly mammalian biters, have a unique genetic signature indicating a single origin
(BaHNCK and FONSEcA 2006, FONSECA et al. 2004). In contrast to Ae. albopictus, domestication
of Cx. pipiens appears to have involved loss of ability to diapause possibly because it occurred
in association with the old civilizations of North Africa or the Arabian Peninsula (FONSECA et al.
unpublished). Of note, loss of diapause did not prevent expansion of Cx. p. pipiens form moles-
tus to the temperate zone: since this mosquito is capable of developing in water with very high
organic content, populations has spread north by exploiting the vast warm underground sewers
of today’s modern large cities (BYRNE and NIcHOLS 1999). Moreover, hybrids of domestic and
feral forms capable of diapause but also capable of traveling in association with humans arrived
in the New World and are widespread in North America (FONSECA et al. 2004, STRICKMAN and
FonNseca 2012, FONsgca et al. unpublished). Why such hybrids are not also widespread in Eu-
rope is unclear and may be due to the competitive advantage of native Cx. pipiens. Increasingly,
however, the presence of hybrids of Cx. pipiens form pipiens and molestus is being documented
in large European cities (RUDOLF et al. 2013). From an epidemiological standpoint, hybridiza-
tion (or mixing) between domestic and feral forms has the effect of creating populations that can
become infected with zoonotic disease agents, such as West Nile virus (WNV), because they
are primarily bird biters but bridge these diseases to humans (FARAJOLLAHI et al. 2011, FON-
SECA et al. 2004). This hypothesis has been supported by follow up studies (FriTz et al. 2015,
KiLpATRICK et al. 2007, Osorio et al. 2012) and underscores the epidemiological relevance of
examining the genetic ancestry of local populations of invasive species.
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Not surprisingly, considering its long association with humans, the evolutionary history of
Culex quinquefasciatus, a tropical non-diapausing species that occurs worldwide, is also
quite complex. Cx. quinquefasciatus is the principal urban and suburban vector of Wuchereria
bancrofti, the agent of periodic human lymphatic filariasis, but also of bird malaria and West
Nile virus. Patterns of genetic differentiation among 28 populations of this species across the
tropical zone appear to indicate this mosquito arrived in the New World much earlier than
European settlers and likely from Australasia (FONSECA et al. 2006). This ancestry would
explain why Cx. quinquefasciatus in both Australasia and North America are predominantly
bird biters and important zoonotic vectors (FONSEcA et al. 2000). However, this species has
populations with known endophilic and anthropophilic behaviour that earned it the name of
southern “house” mosquito. Cx. quinquefasciatus are in fact principal vectors of periodic
Iymphatic filariasis in east Africa, south Asia, Brazil and the Caribbean (RACCURT et al. 1988)
and recently their abundance and anthropophilic behaviour has led to the hypothesis that they
may be significant vectors of zika virus in Brazil (AYRES 2016). While those specific popula-
tions appear to have unique genetic signatures indicative of a complex history (FONSECA et al.
2006) clearly further research is needed into their behaviour, ecology and vector competence.

5. How to Tell Epidemiologically Relevant Populations Apart

The advent of high-resolution genetic analysis (BROWN et al. 2014, 2011, FONSECA et al.
2004, 2006, 2009, 2010), as well as of rapid assays that allow cost-effective genotyping of
thousands of specimens (BAHNCK and FoNseca 2006, SMiTH and FONSEcA 2004) has al-
lowed the recognition of native and derived forms of invasive species, which often have ep-
idemiologically distinct traits (listed in Tab. 1). However, these studies also revealed local
differentiation and multiple introductions of different populations of the same or closely re-
lated species often followed by mixing (or hybridization). Of note, hybridization of species
forcefully made to overlap by human intervention does not constitute evidence they are not
distinct species since having been allopatric most of their evolutionary lives they have not
developed hybridization barriers (MOONEY and CLELAND 2001).

Epidemiologically, however, these demographic events create highly adaptive populations
exhibiting a wide array of behaviours and ecologies (detailed references associated with Tab.
1). Much like their vector competence (TABACHNICK 2013), the behaviour and ecology of
populations of invasive species appear to be multigenic and may change quickly (EGiz1 et al.
2015). One of the few constants is that successful invasive species have become associated
with human settlements, moved with people around the world and, importantly, recognize
humans as a source of blood. In fact recent work has shown that Ae. aegypti aegypti, the do-
mestic form, has a odorant receptor specifically tuned to human odor (MCBRIDE et al. 2014).
Likewise, comparisons of the transcriptomes of Cx. p. pipiens form pipiens and form mo-
lestus uncovered rapid evolution of loci involved in olfaction and blood feeding as well as
immunity, the latter possibly a consequence of a life in sewers where form molestus thrives
(PricE and FoNsgeca 2015).

Next steps are to identify the genetic basis of variation in ecological and behavioural
relevant traits, as exemplified by work on odor receptors and diapause (DENLINGER and ARM-
BRUSTER 2014, MCBRIDE et al. 2014), in order to be able to recognize populations with the
“right” combination of traits. Proximally, we must recognize that populations differ over time
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and space such that “yesterday’s epidemiology may not predict today’s”. For example, highly
endophilic and anthropophilic populations of Ae. aegypti, once widespread were significantly
curbed by insecticide intensive campaigns of the 1940s and 1950s. Indoor applications of in-
secticides, a premier strategy for control of yellow fever vectors have been shown to select for
exophilic behaviour in Ae. aegypti (PATES and CURTIS 2005) and could be part of the reason
why truly domestic (indoor) populations of this species are now harder to find (BROWN et al.
2014). Although reconstructing the history of long ago events conclusively is always difficult,
real time examinations of more recent expansions, such as that of Ae. j. japonicus, support
the hypothesis that most invasive populations are the outcome of multiple introductions of the
same species, followed quickly by local differentiation and human-mediated mixing (EGiz1
and Fonseca 2015, Ecizi et al. 2016, Fonsgca et al. 2010, KAUFMAN and FoNseca 2014).

In summary, by the very nature of their expansion worldwide, invasive species have be-
come domesticated and therefore are overall likely to reach high local abundance around
humans while also recognizing them as sources of blood, a dangerous combination. Howev-
er, rapid evolution associated with demographic bottlenecks or insecticide applications and
subsequent mixing among differentiated populations have created a lattice of phenotypes
that make broad extrapolations across geography and across time ineffective. While most
high-resolution population level approaches currently available only allow the reconstruction
of demographic history they may be combined with loci (genes) phenotypically relevant.
Such a tool will finally allow the assessment of the vectorial capacity of mosquito populations
and track changes over time and space in disease transmission risk, particularly after specific
interventions.
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Pathways to Becoming Pests and Vectors:
Lessons from the Simuliidae

Peter H. ADLER (Clemson, SC, USA)

Abstract

The family Simuliidae includes at least 45 economically important pest species, more than 25 vectors of disease
agents of humans, and probably hundreds of vectors of disease agents of domestic animals and wildlife. An un-
derstanding of how simuliid vectors arise and why only certain species of simuliids become pests can provide the
basis for predicting and preventing pest and vector problems. The historical process of becoming a prominent vector
involved the evolution of anautogeny and repetitive blood feeding, augmented by dispersal from the cool, moun-
tainous, northern ancestral habitat of simuliids into lowland and tropical areas where multiple generations could be
achieved and an increased range of potential host species became available. The process of attaining pest status oc-
curs through two primary pathways, both of which generate large populations of simuliids typically associated with
pest problems. One pathway involves habitat generalization — development in the majority of streams and rivers in an
area — and the other involves habitat specialization centered around development in large rivers. The latter pathway
is typical of the world’s major pests of humans and domesticated animals, and includes the livestock-killing species.

Zusammenfassung

Die Familie der Simuliidae umfasst mindestens 45 6konomisch wichtige Schédlingsarten, mehr als 25 Vektoren von
Krankheitserregern fiir Menschen und wohl Hunderte Vektoren von Krankheitserregern fiir Haustiere und Wildtiere.
Eine Erkenntnis dariiber, wie Simuliid-Vektoren entstehen und warum nur gewisse Arten von Mitgliedern der Simu-
liidae-Familie Schidlinge werden, kann die Grundlage fiir die Prognose und das Verhindern von Schidlings- und
Ubertriigerproblemen bilden. Der Geschichtsprozess der Entwicklung eines maBgebenden Vektors ging einher mit
der Entwicklung der Nicht-Autogenitidt und dem repetitiven Blutsaugen, verstirkt durch die Ausbreitung von dem
kalten, gebirgigen, nordlichen angestammten Lebensraum der Mitglieder der Simuliidae-Familie in das Flachland
und in tropische Gebiete, wo mehrere Generationen entwickelt werden konnten und eine groBere Vielfalt moglicher
Wirtsarten vorhanden war. Der Prozess des Erreichens eines Schidlingsstatus tritt durch zwei grundlegende Wege
ein, wobei beide grofie Bestinde von Mitgliedern der Simuliidae-Familie schaffen, die typischerweise mit Schid-
lingsproblemen in Verbindung gebracht werden. Ein Weg betrifft die Verallgemeinerung des Lebensraums — Ent-
wicklung in dem GroBteil der Strome und Fliisse in einem Gebiet — und der andere die Lebensraumspezialisierung
um die Entwicklung in groBen Fliissen. Der letztere Weg ist typisch fiir die weltbedeutendsten Schidlinge fiir Men-
schen und Haustiere und schliet die Arten, die Nutztiere toten, ein.

1. Introduction

Blood-feeding arthropods share certain attributes, notably their persistent attacks on animals,
including humans, and their potential to transmit disease agents. These attributes carry nega-
tive societal value — threats to public health and animal welfare — and bring blood-feeding ar-
thropods into the orbit of scientific investigation. A global community of medical-veterinary
biologists forms around these arthropods, with common goals of eliminating disease threats
and suppressing pests below economic thresholds.
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Each group of blood-feeding arthropods brings its own unique set of biological attributes,
economic and societal consequences, and research challenges. Black flies (Simuliidae), for
instance, are among the few insects that have routinely killed animals by direct attacks.
Death typically results from exsanguination (withdrawing so much blood that it becomes
too thick to transport oxygen efficiently) or, more commonly, from toxic shock — simulio-
toxicosis — from injected salivary components (WILHELM et al. 1982, ADLER and Mc-
CREADIE 2009, SCHNELLBACHER et al. 2012). Unlike mosquitoes, which are well known
for their ability to translocate among continents, no definitive cases of invasive black flies
are known, despite a historically demonstrated ability to colonize even the most remote
oceanic islands (ADLER et al. 2005, CRAIG et al. 2001). New threats from black flies, in-
stead, are likely to result from natural environmental events, such as El Nifio and local
flooding (BALLARD 1994, ADLER et al. 2004); human encroachment into undisturbed natu-
ral areas (BASANEZ et al. 2000); and anthropogenic habitat disturbances such as construc-
tion of dams (FREDEEN 1985).

Understanding the process of becoming a pest or a vector, particularly the evolutionary
process, which has an underlying genetic basis, could enhance opportunities for proactive
pest management and vector control. Sufficient commonality exists between pests and vectors
to discuss both in the same conceptual framework. And a single species, such as S. meridion-
ale and some members of the S. amazonicum group, can be both a pest and a vector (ADLER
et al. 2004, SHELLEY et al. 2010).

Vector status is an inherent biological property of an organism, fine-tuned by selection
pressures levied by the behavioural, physiological, and structural features and defenses of the
host and parasite. Pest status is not an inherent biological property. It is the result of human
interests conflicting with organismal traits, and it typically manifests as direct attacks on
humans, domesticated animals, and wildlife (CROSSKEY 1990, ADLER et al. 2004, WERNER
and ADLER 2005, ADLER and McCREADIE 2009), including endangered species (ADLER et al.
2007, KING and ADLER 2012). The term ‘pest’, as used here, follows the definition applied by
ADLER et al. (2016): “a species that in some part of its range has caused economic losses or
has been a target for management”.

The objective here is to review and synthesize the pathways and processes involved in be-
coming pests and vectors, the associated life-history traits that promote these processes, and
the role of taxonomy and systematics in directing an understanding of pest and vector biology
and the strategies for control.

2. Pests and Vectors — Background

2.1 Taxonomic and Ecological Scope of Pests and Vectors

A global total of 2,177 valid species of Simuliidae are formally recognized (ADLER and
CROSSKEY 2015a), representing about 0.2 % of all insects and 1.4 % of all Diptera (ADLER
and FoorTiT 2009). About 98 % of the 2,177 formally described species of black flies feed on
vertebrate blood (ADLER 2009), setting the scene for pest and vector problems. Roughly 45
species fit the definition of a pest, about 1.5 % are demonstrated vectors of the causal agents of
human diseases, and about 1 % are vectors of organisms that cause diseases in livestock and
poultry (ADLER and MCCREADIE 2009, ADLER et al. 2010). The majority (ca. 94 %) of pests
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and vectors (ADLER and MCCREADIE 2009) are concentrated in the largest and most derived
genus, Simulium, with 80 % of the world’s simuliid species (ADLER and CROSSKEY 2015a).
Efforts to suppress and control pests and vectors are complicated by the structural homoge-
neity of many species of simuliids. Nearly all vectors, for example, are complexes of several
to nearly 50 isomorphic species (CONN et al. 1989, CHARALAMBOUS et al. 1996, PosT et al.
2007, ADLER et al. 2010, SHELLEY 2010). The enormous pool of simuliid-borne pathogens
and parasites in wildlife (HELLGREN et al. 2008, MURDOCK et al. 2015, LoTTA et al. 2016)
suggests the potential for additional disease problems in domesticated animals and perhaps in
humans. The unexpected explosion of the previously obscure mosquito-borne zika virus from
geographically restricted wild primates and arboreal mosquitoes to widespread mosquitoes
and humans on a multicontinental scale provides a telling example of possibilities that could
occur in the Simuliidae (FAuct and MoRENS 2016).

In contradistinction to the economic and public health burdens, the beneficial value of
simuliids as key ecological organisms — “ecosystem engineers” — in lotic and terrestrial en-
vironments can be enormous (MALMQVIST et al. 2001, 2004a). So, too, do larvae have value
as biological indicators of water quality (CARLE et al 2015). Suppression programmes, there-
fore, should be designed to maximize not only the level of control, but also the ecological
value of the species targeted for control.

An important caveat for programmes battling simuliid pest problems and vector-borne
diseases is that success can bring its own set of new problems. The remarkable effectiveness
of the biological control agent Bacillus thuringiensis israelensis (Bti) against simuliids was
associated with a significant decrease in research on natural enemies, portending concern
over a shift to alternative strategies if resistance to Bti should develop (ADLER et al. 2004).
The economic and public health success of West Africa’s colossal Onchocerciasis Control
Programme (OCP), as of 2001, had freed 25 million hectares of once-abandoned land for
resettlement and agriculture (RiICHARDS et al. 2001), bringing “massive landscape changes”
with associated ecological consequences (RESH et al. 2004).

2.2 Vector Problems

The only two documented simuliid-borne human diseases are filarial-associated mansonel-
losis and onchocerciasis (river blindness). Mansonellosis is a mildly pathogenic disease pre-
sumably endemic to the New World (SHELLEY and CosCARON 2001). Human onchocerci-
asis, however, is Afrotropical in origin, having been introduced to Latin America with the
slave trade (PROCUNIER and HIrRAI 1986, ZIMMERMAN et al. 1994, MoRrRALEs-HoJAS et al.
2007, CrRAINEY et al. 2016). Onchocerciasis remains a major public health threat in large
areas of Africa south of the Sahara Desert (WHO 2105) where its control is often hampered
or interrupted by war, civil strife, and infrastructural inadequacies or breakdowns, as in the
2014-2015 Ebola epidemic. Human onchocerciasis has been nearly eradicated from the New
World, largely through a long-term ivermectin programme. It remains in only two of the pre-
vious 13 New World foci — the Yanomami region of the Amazonian highlands of Brazil and
Venezuela (WHO 2015). Although onchocerciasis periodically enters North America, it is
unlikely to become established in the Nearctic Region (ADLER et al. 2010, ENCARNACION et
al. 1994) or, for that matter, in the Palearctic Region. These regions lack appropriate vectors,
suitable climate, or the factors necessary to achieve a critical density of parasites for endemic
transmission.
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Simuliid-borne diseases of domesticated animals are more numerous and widely distributed
than are the human diseases. They include avian trypanosomiasis, bovine onchocerciasis,
canine onchocerciasis, leucocytozoonosis, vesicular stomatitis, and perhaps tularemia (AD-
LER 2009). Some of these diseases are abundant and widespread (VALKIONAS 2004), whereas
others are sporadic (e.g. HASSAN et al. 2015).

2.3 Vector Prerequisites

The two fundamental biological requirements for a simuliid vector include anautogeny
(i.e., egg development dependent on blood feeding) and acquisition of more than one blood
meal (i.e., one meal to acquire the parasites and one to deliver them). These characteristics
are found throughout the family Simuliidae, predisposing a wide range of species to be-
coming vectors.

Vector efficiency has been augmented by key evolutionary events. Over evolutionary
time, for instance, black flies began dispersing from their ancestral habitat — cool, moun-
tainous streams in northern areas (CURRIE and ADLER 2008) — into lowlands and eventually
into tropical areas. The probability of transmission increased with adaptation to tropical
environments where more generations per year (multivoltinism) became possible (ADLER
et al. 2010) and a broad range of host species became available. Accordingly, all vectors of
the parasites that cause human diseases are multivoltine, completing up to 15-20 genera-
tions per year (CROSSKEY 1990).

The choice of blood host will factor into the vector potential of each species of black fly.
A reasonably strong correlation exists between claw structure and host category — mammal
versus bird. An unadorned talon typically reflects mammalophily, whereas a thumblike
lobe at the base of the talon signifies ornithophily (MALMQVIST et al. 2004b). Exceptions,
however, exist (LoTTaA et al. 2016). Specific host use by black flies is insufficiently explored
and, in most cases, the full range of host species used by a simuliid species is unknown.
The effects of blood chemistry of each vertebrate host species on simuliid fitness also are
unknown beyond a few studies that indicate significant differences among host species
(Moxkry 1980a, b). Studies of simuliid saliva suggest general adaptations to the use of avi-
an versus mammalian blood (Cupp and Cupp 1997). Introduction or removal of alternate
hosts, domesticated (e.g., cattle) or wild, to an area can alter the risk of infection for other
hosts in the area (KRUGER et al. 2005).

2.4 Pest Problems

Pest problems caused by simuliids typically derive from biting and blood feeding, persistent
swarming, crawling on the skin, and flying into facial orifices (CROSSKEY 1990, ADLER et
al. 2004, ApLER and McCREADIE 2009). Less common pest problems include, for example,
dense mating swarms obstructing bicycle paths (e.g., Simulium vittatum complex) and mass
emergences fouling and obscuring vehicle windshields (e.g., Cnephia pecuarum) (ADLER et
al. 2004). In most cases, pest status is associated with abundance. Exceptions include situa-
tions in which even a single black fly can be unacceptable — accidentally embedding in paper
products during milling operations or flying obstinately about the face of a person intent on
playing a game of golf (GRrAY et al. 1996, ADLER et al. 2004).

26 Nova Acta Leopoldina NF Nr. 4717, 23-32 (2016)



Pathways to Becoming Pests and Vectors: Lessons from the Simuliidae

3. Factors Driving Pest Status and Vector Problems

3.1 Generalists and Specialists

Pest and vector problems are related to population size of the individual species. This rela-
tionship suggests that an understanding of the generators of abundance — organismal attrib-
utes that allow populations of a species to proliferate — might provide insights into the process
of becoming a pest or exacerbating a vector problem. Premiere among these organismal at-
tributes is the choice of breeding habitat. The 40-plus simuliid pests of the world typically can
be classified as habitat generalists or habitat specialists, based on the size of the watercourses
in which the immature stages develop.

Species that exploit the majority of watercourses in an area are likely to achieve large pop-
ulations in that area. These are the habitat generalists — species that occupy a range of streams
and rivers, from a meter to roughly a hundred meters in width. They are the species that can
be found in any watercourse during routine sampling. Examples of habitat generalists that are
pest species include Prosimulium mixtum, Simulium equinum, Simulium erythrocephalum,
Simulium ornatum, Simulium venustum, and Simulium vittatum. Habitat generalists might
have a broader physiological tolerance of environmental conditions, such as oxygen concen-
tration, pH, and particulate load in the watercourses, although this relationship has not been
tested. Tolerance of a broad range of aquatic conditions carries with it the ability to inhabit
polluted watercourses that exclude most macroinvertebrates and fish (competitors and preda-
tors) but allow a few species of simuliids, including those predisposed to becoming pests, to
achieve high densities (ADLER et al. 2004).

To declare a species a habitat generalist first requires sorting out potential cryptic species
that would give the illusion of a single species with a broad habitat range. The original concept
of Simulium tuberosum was that of a widely distributed, ecologically versatile Holarctic spe-
cies occurring in the majority of streams and rivers in any given area. Subsequent cytogenetic
analyses revealed that so-called S. fuberosum is actually a complex of at least 10 species in the
Nearctic Region alone (LANDAU 1962, MASON 1984, ADLER et al. 2004), each breeding in its
own size range of streams and rivers, and exhibiting different levels of prevalence by ecore-
gion — each species a habitat specialist (ADLER and MCCREADIE 1997). Simulium venustum was
viewed originally as a wide-ranging species, both ecologically and geographically. Cytogenetic
analyses revealed that it, too, consists of cryptic species — at least 10 in North America — each
with a well-defined ecology (ROTHFELS et al. 1978, MCCREADIE and COLBO 1993, ADLER et al.
2004). Simulium venustum sensu stricto, nonetheless, remains ecologically adaptable to a wide
range of watercourses (ADLER et al. 2004). Thus, as currently recognized, S. venustum s. s. is a
bona fide generalist. Simulium pertinax, a Neotropical pest that colonizes the majority of streams
in an area, is a single species, based on chromosomal analyses (CaAMPOs et al. 2001). As a caveat,
however, species defined on morphological and chromosomal criteria still might hold additional
cryptic species awaiting discovery when subjected to molecular analyses (Low et al. 2016).

Habitat specialists occupy a narrower range of breeding sites. They include, for example,
headwater species and big-river species. Spring-fed, headwater streams are typically small
and shallow, with low productivity and reduced oxygen levels. The specialists of spring-fed
habitats typically do not reach population densities that cause pest problems. As an extreme
example, species that are specialized to the extent that they also are rare (MCCREADIE and
ADLER 2008) do not cause pest problems.
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The specialists most capable of achieving high population densities are the big-river spe-
cies. Among the premiere examples are the Australasian Austrosimulium pestilens, mem-
bers of the Neotropical S. amazonicum and S. oyapockense complexes, the Palearctic S.
maculatum, the Nearctic Cnephia pecuarum, and most notably, the members of the Holarc-
tic S. jenningsi-malyschevi-reptans clade, which includes about 25 % of the most signifi-
cant pest species in the world, such as five of the nine livestock killers (S. colombaschense,
S. kurense, S. luggeri, S. reptans, and S. vampirum) and the world’s worst nuisance pest (S.
Jjenningsi) (ADLER et al. 2016).

Thus, pest status can be reached by two principal pathways, first described and outlined
by ADLER et al. (2016): (/) colonization of a wide variety of streams and rivers (habitat gen-
eralization) and (2) colonization of large rivers more than 100 m wide (habitat specialization).
Both colonization strategies promote the production of population levels sufficient to cause an
economic or public health problem as pests, vectors, or both.

3.2 Case Study

Here I summarize an example of pest status acquired via colonization of large rivers (special-
ization), using a representative case study of Simulium colombaschense, originally developed
and presented by ADLER et al. (2016). Simulium colombaschense was the most destructive
simuliid pest in history, killing as many as 22,000 livestock per year, inspiring the first bio-
logical study of the Simuliidae (in 1795), and generating its own mythology in the Iron Gate
region of the Danube River between Romania and Serbia.

Simulium colombaschense is a member of the S. jenningsi-malyschevi-reptans clade (AD-
LER and HUANG 2011, SENATORE et al. 2014, ADLER et al. 2016). Phylogenetic analysis sug-
gests that an ability to specialize in the largest rivers on Earth evolved in the ancestor of the
S. jenningsi-malyschevi-reptans line (ADLER et al. 2016).

The distribution of S. colombaschense is greater than the distribution of the pest problem,
which is restricted to the area along the Danube River and Italy’s Adige River. Populations
of S. colombaschense in southern Italy, Greece, and Slovakia, for example, are not pests,
despite being near livestock areas (ADLER et al. 2016). A working hypothesis is that hidden
biodiversity exists within S. colombaschense, associated with biological traits that result in
differential pest status. Simulium colombaschense, thus, invites a taxonomic analysis.

A strong case has been made for chromosomal rearrangements as drivers of speciation in
the Simuliidae (ROTHFELS 1989). Chromosomal differences, therefore, might reasonably be
expected among populations that have undergone differential selection. The polytene chro-
mosomes have been used for decades to evaluate simuliids for possible hidden diversity, such
as cytotypes and cryptic species (ROTHFELS 1979, 1989, ADLER and CROSSKEY 2015b).

Chromosomal analyses of S. colombaschense across its range revealed five cytologically
distinct forms, at least two of which are reproductively isolated cryptic species (ADLER et al.
2016). The pests of historical infamy, Cytoforms ‘A’ and ‘B’, inhabit the largest rivers, that
is, the Danube and the Adige. The other three cytoforms (‘C’, ‘D’, and ‘E’) are not pests;
they inhabit smaller rivers. ‘D’ is known from only one river in Greece and is reproductively
isolated from ‘C’.

The distributions of the five cytoforms reveal an intriguing trend. The cytogenetic pro-
files (e.g., polymorphism frequencies) of the cytoforms remain consistent within rivers but
not across rivers (ADLER et al. 2016). Cytoform ‘A’ is chromosomally cohesive for at least
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1,000 km along the Danube River, but is distinct from Cytoform ‘E’ in another river 200 km
distant, although no topographic barriers to gene exchange exist. Nor do physical barriers
exist between ‘A’ and ‘B’. Similarly, Cytoforms ‘C’ and ‘D’, in separate rivers less than
50 km apart with no physical barriers to gene exchange, are reproductively isolated. A pattern
emerges: Populations within rivers, regardless of distance up or down river, are chromosom-
ally cohesive, whereas populations between rivers, even if separated by shorter distances, are
chromosomally distinct.

A similar pattern might be expected in other big-river species. Simulium jenningsi and S.
maculatum, for instance, present compelling examples — abundant pests that breed in numer-
ous large rivers across their ranges — that would be amenable to further testing of the pattern.
Big-river vectors to which the pattern might apply include S. amazonicum, S. guianense, and
S. oyapockense, all Neotropical vectors of Onchocerca volvulus, the causal agent of human
onchocerciasis.

An irony is associated with the pattern of unique chromosomal cohesiveness of popu-
lations in large rivers. Big-river species can produce enormous numbers of females capa-
ble of dispersing to initiate subsequent generations (AMRINE 1982). Although no apparent
geographical barriers exist to dispersal and gene exchange — no large mountain ranges, for
instance — the cytoforms of S. colombaschense within rivers, nonetheless, maintain their in-
tegrity while differing significantly from populations in adjacent rivers. Why? The pattern
requires explanation.

The return of females to natal watercourses to oviposit would concentrate and increase
populations in particular habitats. But from the perspective of an individual female fly, why
return to the natal waterway? ADLER et al. (2016) suggested that larger rivers are scarce and
this scarcity makes this particular habitat more difficult for dispersing females to find. Selec-
tion, therefore, should favour females that return to their natal river. River fidelity builds and
maintains river-specific chromosomal profiles. Habitat generalists, on the contrary, would be
expected to show less site fidelity and not have site-specific chromosomal profiles. Of the
generalist pests investigated, no evidence for site fidelity has been discovered (ROTHFELS
1981, HUNTER and JAIN 2000). Thus, the degree of habitat specialization might be expected
generally to reflect the degree of site fidelity.

Adaptations demonstrate the relation of habitat specialists to their particular environment.
Big-river species, for example, have various structural characters that would adapt the larvae
and pupae for life in strong currents, such as stout labral fans, short antennae, strong silk
for adhesion to substrates, many microhooks on the prolegs to engage the silk, a gradually
expanded and streamlined larval body, a short pupal gill, and a shoe- or boot-shaped pupal
cocoon to provide protection from abrasive suspended particles (ADLER et al. 2016).

4. Conclusions

Understanding the factors that drive pest and vector problems can aid the identification of
genes responsible for the enabling traits (i.e., adaptations). Thus, genes might be identified
that code for traits associated with big-river specialization, such as strong silk, or associated
with habitat generalization, such as tolerance of a broad range of oxygen levels. The option
of genetically disrupting expression of these characters could provide a proactive approach to
pest management and vector control.
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