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Mosquito-borne diseases affect millions of people and cause thousands of deaths
yearly. Vaccines have been hitherto insufficient to mitigate them, which makes
mosquito control the most viable approach. But vector control depends on correct
species identification and geographical assignment, and the taxonomic characters
of mosquitoes are often inconspicuous to non-taxonomists, which are restricted to
a life stage and/or even damaged. Thus, geometric morphometry, a low cost and
precise technique that has proven to be efficient for identifying subtle morphological
dissimilarities, may contribute to the resolution of these types of problems. We have
been applying this technique for more than 10 years and have accumulated thousands
of wing images with their metadata. Therefore, the aims of this work were to develop a
prototype of a platform for the storage of biological data related to wing morphometry,
by means of a relational database and a web system named “WingBank.” In order
to build the WingBank prototype, a multidisciplinary team performed a gathering of
requirements, modeled and designed the relational database, and implemented a web
platform. WingBank was designed to enforce data completeness, to ease data query,
to leverage meta-studies, and to support applications of automatic identification of
mosquitoes. Currently, the database of the WingBank contains data referring to 77
species belonging to 15 genera of Culicidae. From the 13,287 wing records currently
cataloged in the database, 2,138 were already made available for use by third parties.
As far as we know, this is the largest database of Culicidae wings of the world.

Keywords: relational database, open source, vector-borne disease, public health, medical entomology, geometric
morphometric approach, integrative taxonomic approach

INTRODUCTION

Diseases whose etiological agents are dispersed by vectors, such as mosquitoes, have been a major
public health problem worldwide for years. These diseases, between the 17th and 20th centuries,
caused the death of more people than all other causes combined (Gubler, 1991) and interfered with
the economic development of large areas around the world (Philip and Rozenboom, 1973; Calmon,
1975; Gubler, 1991). Amongst insect Families popularly known as mosquitoes, the Culicidae family
represents an important group composed of several vector species of disease-causing pathogens,
including viruses, worms and protozoans. All these pathogens cause important but neglected
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Tropical Diseases, such as lymphatic filariasis, which is one of
the leading causes of global disability. This disease affects around
120 million people in tropical and subtropical areas of the world
(World Health Organization, 2020a). In 2019, it led more than
400,000 people to death, 67% of them children (World Health
Organization, 2020b).

However, despite the importance of mosquitoes, their
taxonomic identification based only on traditional morphology
is quite complex and often difficult to conclude, i.e., Subgenus
Nyssorhynchus, which is difficult to identify using only external
morphology (Sallum et al., 2010). In addition, traditional
taxonomy has been in crisis for decades (Godfray, 2002), with
few professional specialists in the field remaining worldwide.
Furthermore, frequently mosquito samples are morphologically
damaged by being sampled using CDC light, BG or other
mosquito traps. Even taxonomists have difficulty identifying
them. Thus, the arising of new technologies has complemented
the traditional technique in several studies, such as the case of
geometric morphometry (GM), which is based on the fusion
between geometry, biology (Bookstein, 1982) and statistics
(Monteiro and Reis, 1999).

The GM allows the multivariate study of the shape of
biological structures in two or three spatial dimensions.
This technique allows various statistical biometric assessments,
graphic representation of shape and size, preserving the
physical integrity of the shape and preventing a collapse in
linear measurements that do not represent the structure as
a whole (Richtsmeier et al., 2002). Based on multivariate
character analysis, which allows the simultaneous comparison
of different characteristics in a complex body structure (Rohlf,
1993; Monteiro and Reis, 1999), this technique has been used
extensively to solve different biological problems. In some cases,
it is useful when applied alone, while in others its combination
with any other integrative taxonomy technique can increase its
accuracy (Schlick-Steiner et al., 2010; Garros and Dujardin, 2013;
Lorenz et al., 2017).

In mosquitoes, the most used structure is the wings
(Ruangsittichai et al., 2011; Jaramillo et al., 2015; Sumruayphol
et al., 2016; Wilke et al., 2016; Chaiphongpachara and Laojun,
2019; Chaiphongpachara et al., 2019; Sauer et al., 2020; Souza
et al., 2020), mainly due to its two-dimensionality, which
increases precision and repeatability even when they are
assembled and digitized by different operators (Lorenz and
Suesdek, 2013). In general, the shape of the wing is quite
informative (Klingenberg, 2010), on both hereditary, geographic,
and evolutionary issues. Some studies have indicated that in
Diptera, the wing shape is inheritable (Bitner-Mathé and Klaczko,
1999), has polygenic determination and is minimally influenced
by epigenetic factors (Jirakanjanakit et al., 2007; Morales-Vargas
et al., 2010). Although reports indicate that the shape of the
wing is influenced by temperature differences and eco-geographic
factors (Aytekin et al., 2009; Gómez et al., 2014), this influence
is minimal (Morales Vargas et al., 2013). Therefore, the shape of
the wing is presented as a more stable character than the size
of the wing, which is strongly influenced by the environment
(climatic and environmental factors such as larval density in
the same breeding place, availability of food, temperature, etc.)

(Morales Vargas et al., 2013; Gómez et al., 2014), and variations
in this character should be interpreted with caution.

Any study of the Life Science field needs reliable taxonomic
identification. However, every year there is a more frequent
need for helpful and innovative techniques since the traditional
taxonomy has been increasingly restricted to a specialized
group. Thus, automated identification methods which extract
and analyse informative features of species in images have
emerged as a helpful tool, and consequently, the number
of large databases (DBs) hosting this data has also grown.
Although DBs of winged insect images are mentioned in
thematic reviews in which researchers emphasize the importance
of creating morphometric DBs for culicids (Dujardin, 2008;
Lorenz et al., 2017) and other vectors, efforts toward building
those specific to mosquitoes are still incipient. This gap has
hindered classification tests or biometric identification, as
well as studies of long-term biological inference in insects
(Sonnenschein et al., 2015).

According to the Registry of Research Data Repositories–
re3data1, there are about 1,423 databases registered in the
Life Science area, and 1,311 in Natural Sciences. These
numbers together correspond to approximately six times
the number of records in the Engineering area (with the
lowest number of records, 482)—values updated in January
2021. This can be explained by the large growth in data
production in recent years, mainly the Big Data common
in the area of Molecular Biology, reflecting the massive
production of gene sequences (Stephens et al., 2015).
However, despite the expressive number of DBs registered
in re3data, Brazil contributes only with 11 records, which
certainly does not reflect the amount of DBs created and
used in the country.

The myth of the Tower of Babel besides serving as a
metaphor for an existing problem in the systematic of insects
(Caterino et al., 2000), can also be associated with the extensive
“independent production” of programs and databases related to
gene annotations (Drãghici et al., 2006), for example. Thus, to
avoid the same inconsistency of the aforementioned metaphor,
morphometric DBs created in the Culicidology area must be able
to connect to other DBs, whether they are about georeferenced,
genetic annotation or bibliographic data.

The wing GM, in addition to requiring computational
implementations, requires a robust DB that allows the validation
of this application through tests. Furthermore, according to
Garros and Dujardin (2013), for a morphometric DB to
have taxonomic utility, it must share, at least, the computed
cartesian coordinates and/or the images of the structures. As
far as we know, there are only two repositories that share
useful images for alar GM on insects, ApiClass2 and XYOM
(formerly CLIC bank;3). ApiClass is a specialized online system
for identifying bee subspecies belonging to the species Apis
mellifera Linnaeus, 1758, based on the wings, and which
uses a Relational DB (RDB) with 5,763 images maintained

1https://www.re3data.org/
2http://apiclass.mnhn.fr
3http://xyom-clic.eu/clic-bank/
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with the MySQL database management system (DBMS). 3
(Dujardin, 2012).

In this work, we present WingBank4 a data platform developed
to be a pioneer in the storage and sharing of wing images,
cartesian coordinates of the images and other morphological
information, and data of interest for integrative taxonomy, such
as spatio-temporal data. In addition, it was conceived to serve
as a basis for machine learning in the GM field, managing
data from dozens of species and thousands of specimens of
mosquitoes. WingBank architecture is composed of an RDB,
managed through the DBMS Microsoft SQL Server (MS-
SQL), and a prototype of a web system that fosters research
by allowing users to retrieve the data they need and also
contribute with new data.

This article describes: (a) the modeling and implementation
of the WingBank’s RDB, aimed at micro and macroevolutionary
studies that use the wing geometric morphometrics technique;
and (b) the development of the web system for managing
biological data related to wing morphometry, which is the user
interface for this RDB.

MATERIALS AND METHODS

Target Audience
The WingBank system is intended for undergraduate and
graduate students, scientific researchers, and health professionals,
such as entomological and epidemiological supervisors, and
other interested parties, who need to download or upload
images and data of wing geometric morphometry of mosquitoes
around the world.

Taxonomic Classification
The taxonomic classification adopted in this work followed
the one used by Walter Reed Biosystematics Unit (WRBU),
Entomology Division, Walter Reed Research Institute (Walter
Reed Army Institute of Research, WRAIR) in its Systematic
Catalog of Culicidae5 and presented by Ralph Harbach (Elmasri
and Navathe, 2011) in his Taxonomic Mosquito Inventory6,
following the guidelines of Wiley and Liebermann (2011); Vences
et al. (2013), and Wilkerson et al. (2015) for the classification
of the Aedini Tribe. The informal taxonomic categories (Series,
Group, Subgroup, Complex) were not adopted in the modeling
and implementation of DB. Only the definitions a) sensu lato
(“s.l.”) with the records of species belonging to the species
complex, b) “sp.” with the records that do not have specific
identification, and c) sensu stricto (“s.s.”) for records identified
at a specific level were adopted.

Data Organization
As a basis for the creation of the WingBank DB, around 14
thousand images of mosquito wings were used, deposited in
the Entomological Collection under the curatorship of Dr Flávia

4https://wingbank.butantan.gov.br/
5http://www.mosquitocatalog.org/
6http://mosquitotaxonomic-inventory.info/

Virginio, Lead Investigator of Medical Entomology Study Group,
located at the Laboratório de Coleções Zoológicas (LCZ) of the
Instituto Butantan (IB). Voucher specimens (wing donors) are
also deposited in that collection. For this purpose, the wings
were extracted from mosquitoes, mounted between a slide and
coverslip as described by Virginio et al. (2015). Each wing,
when deposited in the Collection, received an identification tag
containing a sequential code in accordance with the policies
adopted by LCZ, and with additional information, such as gender,
wing side and number of the individual (e.g., FD001-IBSP-
Ent 1). All wings were photographed and stored in digital format
together with their morphometric and biological, taxonomic,
geographical, space-time, environmental, climate and human
resources information.

WingBank Creation: Step by Step
The main phases for the creation of a DB are gathering
of requirements, conceptual database design, choice of a
DBMS, data model mapping (also called logical database
design), physical database design and finally, database system
implementation and tuning (Elmasri and Navathe, 2011). Thus,
for the creation of the WingBank DB, firstly the requirements
specification and analysis were carried out with the researchers
who own the images, based on the data collection forms and
guidelines proposed by Gaffigan and Pecor (Gaffigan and Pecor,
1997) and Foley et al. (2011). This step basically consisted
of collecting information regarding the interests of DB users
and the program applications that will interact with it, based
on occasional meetings. From this, it was possible to identify
the main requirements for the elaboration of the WingBank,
characterize the types of data desirable for storage in WingBank
and the query and data maintenance functionalities to be offered
to users through the web system.

After gathering the requirements, in the second phase, the
construction of the Conceptual Database Model was elaborated.
Based on the Entity-Relationship Model (ERM) (Chen, 1977),
an Entity-Relationship (ER) Diagram was built. This model was
chosen because it assists in the modeling of relational DBs, is
very expressive and easy to understand, and supplies the need for
abstraction in this phase of modeling. Subsequently, in the third
phase, using the software Visual Paradigm Community 14.17,
the ER diagram was mapped into a relational diagram. In the
relational model, data is organized “in tables, nothing but tables”
(Date, 2004), in other words, the types of entities are transformed
into tables, the attributes in columns of the respective tables,
the multivalued attributes in different tables, the relationships
in foreign keys and (possibly) new tables. In the diagram of the
relational scheme, the crow’s foot notation (Everest, 1976) was
used to indicate the cardinalities of the relationships established
through foreign keys. This notation was created for conceptual
data modeling, but it is often used (combined with other
notations) to graphically represent cardinality and participation
constraints on relationships expressed through foreign keys in a
relational scheme. In the created relational scheme, the domain
of each attribute was also defined.

7https://www.visual-paradigm.com/
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At the fourth phase, it is delimiting important specifications
related to stored databases, such as file storage structures and
indexes. The scheme refinement is an optional step in the logical
design, but it is commonly used. Through this, it is possible
to identify potential problems in the created scheme and apply
techniques to improve it. In the physical model of the WingBank
DB, some final specifications were implemented, especially those
related to storage and access to the DB. In this phase, some
indexes were created, both to ensure the coherence of the
connections between the data, and to improve the performance
of future operations on the data (Elmasri and Navathe, 2011).

And finally, the last phase is about database and application
programs implementation and testing, a continuous activity
known as database tuning. To obtain useful knowledge from the
data, it is necessary that it is clear. However, many databases are
composed of redundant and inconsistent data, missing values,
as well as values and fields that are not logically related to each
other stored in the same table (Parsaye and Chignell, 1993;
Savasere et al., 1995; Adriaans and Zantinge, 1996; Fayyad et al.,
1996). To avoid mistakes before feeding the WingBank DB,
part of the data cleaning was done manually, and the other
part was performed together with the initial process of data
entering, through SQL scripts, in a careful process of inspection,
cleaning, standardization, completion and transformation of
data. These steps refer to the Knowledge Discovery in Databases
(KDD) methodology (Fayyad et al., 1996), except for the
data mining phase.

As the raw data were not fully standardized, there was a small
loss of information in the process. For example, the following
were not uploaded to the database: (a) photographic records
without information about gender, (b) geographic information
of cases in which there was no relationship between individuals
and localities, although there was information on the location of
the collection. Data from other specific cases were kept, such as
(c) photographic records with an unnoticed side, which did not
compromise the integrity of the bank, (d) damaged wings, but
with some preserved points.

There are different design patterns for the development of
a system with access to the DB. In the WingBank web system,
Domain-Driven Design (DDD) and Model View Controller
(MVC) standards were used. The first is a development approach
that focuses on understanding business rules and how they
should be reflected in the system code and domain model
(Evans, 2003). In addition to this technique being linked to the
good practices of Object-Oriented Programming, it is a way of
organizing the code so that the business rules are in delimited
contexts and decoupled from the database. The DDD was used
in the architecture of practically the entire application, from
infrastructure to data access.

For the communication between the system model layer and
the DB, the Object-Relational Mapping was used. It’s a technique
that consists of representing a program object in a relational way
so that it can be persisted in an RDB and, when necessary, be
retrieved and created as an object in main memory again, without
loss of information in this process.

The MVC standard was used only for the architecture of
the web interface client application. In this pattern, the model

layer refers to the representation of the data on which the
system operates. The vision layer is the presentation of data and
processing logic to end-users, even allowing their interaction with
the system. Finally, the controller responds to events, manages
access to the model and view, and coordinates the flow of
data between them.

The WingBank web system provides features for searching,
visualizing, and downloading data that are related to a scientific
publication. As this data is public, that is, it can be accessed by
anyone, there is no functionality to control user access in the
developed prototype. The behavior of the system was described in
an Activity Diagram in the Unified Modeling Language (UML).

RESULTS

The WingBank RDB contains morphological information and
their respective ecological and space-time metadata, exclusively
from mosquitoes. This DB is a prototype under test and is
available at https://wingbank.butantan.gov.br/. It is currently
open for searching and downloading via the website and sending
data via email WingBank@butantan.gov.br. This database can
also be used by users as a faithful depository of images and
data of geometric morphometry, as it generates unique identifiers
(see Standardization of image labeling) that can be cited in
scientific publications.

This DB was inspired by the actions promoted by the National
Center for Biotechnology Information (NCBI), one of the
Institutes that has provided the most biological databases to date
(Agarwala et al., 2015). At this moment, in WingBank, 13,287
wing records are registered, of which 12,939 are already linked to
images (right and/or left wings) of mosquitoes belonging to the
Culicidae family. Currently, there are 13 scientific publications
registered on WingBank, of which 8 are already linked to
2,138 images which, due to this relationship with one or
more publications, are already available for use by third parties
(Table 1). Of these wing images available for use by third parties,
584 are left wings, 1,476 right wings and 78 with unknown
sides. It is worth mentioning, as the wing images available for
other users until now represent samples of totalities located
in a unique time-space, we decided that instead of linking
only the files used on each study, we would link all images of
those specimens located in those unambiguous times and spaces.
To date, WingBank stores data collected from 1998 to 2016,
in 10 different Brazilian states. Forty-three people, linked to
19 different National and International Teaching and Research
Institutions, have so far contributed to WingBank with the
collection of information and specimens, mounting of slides,
and/or photographic and morphometric records.

The main types of data (Figure 1) of this DB were from
Field and/or Colony, and/or Donation; Wing images, which
can be right and/or left wings and can be related to some
Scientific Publication and also with landmark Notes; Taxonomic
Classification (Family, Subfamily, Tribe, Genus, Subgenus,
Species, Subspecies), Classification Method, which is possible to
report which method was used (Molecular or Morphological);
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TABLE 1 | List of publications and data available on WingBank for use by third parties.

Publication Id Publication title Publication doi Number of records

1 Temporal variation of wing geometry in Aedes albopictus http://doi.org/10.15t90/S0074-02762012000800011 180

2 Wing diagnostic characters for Culex quinquefasciatus and
Culex nigripalpus (Diptera, Culicidae)

http://doi.org/10.1590/S0085-56262011000100022 244

3 Wing sexual dimorphism of pathogen-vector culicids http://doi.org/10.1186/s13071-015-0769-6 439

4 Comparison of wing geometry data and genetic data for
assessing the population structure of Aedes aegypti

http://doi.org/10.1016/j.meegid.2011.11.013 378

5 High morphological and genetic variabilities of Ochlerotatus
scapularis, a potential vector of filarias and arboviruses

http://doi.org/10.1186/s13071-015-0740-6 116

6 Microevolution of Aedes aegypti http://doi.org/10.1371/journal.pone.0137851 219

7 Morphometrical diagnosis of the malaria vectors Anopheles
cruzii, An. homunculus and An. Bellator

http://doi.org/10.1186/1756-3305-5-257 –

8 Altitudinal population structure and microevolution of the
malaria vector Anopheles cruzii (Diptera: Culicidae)

http://doi.org/10.1186/s13071-014-0581-8 274

9 Morphogenetic characterisation, date of divergence, and
evolutionary relationships of malaria vectors Anopheles cruzii
and Anopheles homunculus

http://doi.org/10.1016/j.meegid.2015.08.011 –

10 Assessment of the correlation between wing size and body
weight in captive Culex quinquefasciatus.

http://doi.org/10.1590/0037-8682-0039-2016 288

11 Artificial Neural Network Applied as a Methodology of Mosquito
Species Identification.

https://doi.org/10.1016/j.actatropica.2015.09.011 –

12 Evaluation of Chemical Preparation on Insect Wing Shape for
Geometric Morphometrics.

https://doi.org/10.4269/ajtmh.13-0359 –

13 Wing sexual dimorphism in Aedes scapularis (Diptera: Culicidae) http://doi.org/10.1590/S1676-06032011000200016 –

2,138

FIGURE 1 | WingBank database conceptual map.

and the Person Responsible for identifying each individual. It is
important to mention that the relationship between Wing Image
and a Scientific Publication is a requirement for an individual’s
data to be publicly available.

Conceptual Database Design
A conceptual database model must be concise, descriptive,
and present the main requirements of the modeled domain.

It can be expressed in different ways. The most common
and that was used in this DB, is through the ER diagram.
Elmasri and Navathe’s graphical notation (Elmasri and Navathe,
2011) was used, which is based on the notation of Peter
Chen, creator of ERM (Codd, 1970). An ER diagram is
structured in (see Figure 2): (A) types of entities (rectangles),
which represent the abstraction of a real-world object in the
DB, such as, Individual, Image and Taxonomic Identification;
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FIGURE 2 | Representation of the Conceptual Database Design through an Enhanced Entity-Relationship (EER) diagram. Rectangles: types of entities, which
represent the abstraction of a real-world object. Ellipses: Attributes, which are details, properties that characterize a type of entity. Diamonds: types of relationships,
which represent associations between entities, accompanied by their participation restrictions and cardinalities. Filled geometric forms: Entity, Attributes and
Relationships which were planned but not yet implemented (Phase II).

(B) types of relationships (diamond-shaped boxes), which are
connected by lines to the rectangular boxes representing the
participating entity types, followed by the cardinality ratio
and participation constraint of each relationship type, such as:
[individual] 1 < has > 2 [image], [individual] 1 < is > 1
[species], that is, each individual can have up to 2 images,
and each individual corresponds to only one species; (c)
attributes (ellipses), which are details, properties that characterize
a type of entity, such as gender of the individual and
dimension of the image.

Entities are typified as strong (defined in the diagram by a
simple outline, e.g., Publication) or weak (double outline, e.g.,
Donation). Attributes can be compound (subdivided into more
than one component attribute, e.g., Coordinates); multivalued
(with double contour, e.g., Phone in PersonResponsible);
complex (multivalued and compound at the same time;
e.g., Author in Publication); derivative (with dashed outline;
e.g., Is validated). When the participation constraints of an
entity in a relationship are partial, the line between them
is simple; when the participation is total, the line is double
(Elmasri and Navathe, 2011).

For a better understanding of the diagram that will be
presented below, it is worth mentioning that this database has
specializations. Specialization is the definition of subsets of
entities (subclasses) of an entity type (in this case, considered
a superclass), in which the subclasses have their own attributes
and/or relationships and, at the same time, inherit the attributes
(including, the keys) of the superclass. Therefore, an entity in
a subclass is always an entity in its superclass. Specialization

can be of the overlapping type (denoted by the symbol “o”
inside a circle) or disjunctional type (symbol “d” inside a
circle). In the disjunctional type, a superclass entity can be
at most in one of the subclasses of the specialization; in
the overlapping type, an entity of the superclass can be in
several subclasses. A category (denoted by the symbol “u” in
a circle) can be seen as a set of entities of different types that
do not necessarily have attributes in common between them
(Elmasri and Navathe, 2011).

In general, the symbol ∩ is added to the relationship in which
you want to represent the specialization or category. The opening
of this symbol is directed at the entity on which the restriction is
being applied. For example, if the intention is to represent that
an Individual can originate from a Field Collection, a Laboratory
Colony, or that he can be collected in the Field, but then be
Colonized/Maintained in the laboratory, this can be represented
by directing the opening of the symbol to its Origin (which is the
superclass of an overlapping specialization) as shown in Figure 2.

Key attributes of entity types (solely identifying their
entities) are underlined (e.g., Id in most entities), while
those that are partial keys are denoted by a dashed line (as
in DonationDateTime). The WingBank is represented by an
Enhanced Entity-Relationship (EER) diagram, as some specific
restrictions have been applied, such as the total overlapping
specialization of Origin (Colony and FieldSampling), the
Individual specialization (IndividualInternalControl); and the
Taxonomic Classification category, which is a subset of the union
of entity classes: family, Subfamily, Tribe, Genus, Subgenus,
Species and Subspecies. The weak entity type StageMethod has
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no attributes (something unusual) because it was created to
represent a binary relationship between Stage and Method and,
therefore, to make it possible its association with FieldSampling.
Weak entity types, like Locality, did not receive a partial key, as
they participate in a 1:1 relationship with Sampling, that is, if each
Sampling can have only 1 Locality, then the Locality key can be
the Sampling key itself.

The Conceptual Model represents the following situation:
An individual (female or male) is taxonomically classified
using a method and based on a specific reference. Taxonomic
information for each individual can be presented at different
levels: Family, Subfamily, Tribe, Gender, Species and Subspecies.
Each individual, when registered in the system, automatically
receives a unique and sequential code (“WingBankCode”), which
will be with it as part of the DB. The specimen may originate
from a field data collection, from a Laboratory Colony, or
even being collected and then colonized. In either case, it
may also have come from a Donation. If the individual is the
result of a collection, it must have information regarding the
collected stage, collection method, date of collection, general
and specific location, information about the surroundings of
the collection area, type of area, etc. If the individual comes
from a laboratory colony, it must have information regarding
laboratory conditions, such as temperature, relative humidity,
etc. If the individual originated from a donation and has
a “DonationOriginalCode,” this code is kept in the records.
If this individual is an internal property of the Instituto
Butantan, it will have a “LabCode” and if it is already deposited
at the Entomological Collection of LCZ, it will receive a
“CollectionCode.” In addition, there are people responsible for
each step individuals go through, such as collection, colonization,
donation, and taxonomic classification. These people are linked
to one or more institutions.

Considering the importance of sharing computed coordinates
in morphometric DBs, as mentioned by Garros and Dujardin
(2013), WingBank DB modeling included the types of entities
LandmarkAnnotation and Landmark, which make it possible
to store raw computed coordinates (Landmarks and/or
Semilandmarks of the wings). Some types of entities have
attributes with predefined domains (Table 2), as the case
of the type of entity AreaType, in which the values of the
Name attribute were restricted to Park, which represents
Urban Park or Linear Park; Urban, which refers to areas
distributed by cities; Preserved, which represents Forested
Areas, Environmental Protection Areas, Conservation Units,
or Permanent Preservation Areas; and Rural, which represents
Agriculture and Livestock.

Other types of entities such as Stage and Method, at first,
received restricted values for the “Name” attribute, such as:
Immature, Egg, Larva (1st stage), Larva (2nd stage), Larva (3rd
stage), Larva (4th stage), Larva, Pupa, Adult, Immature/Adult
and Manual Sampling, Manual Aspiration, Metal/Plastic Scoop,
Metal Ladle, Fine Mesh, Pasteur Pipette/Dropper, Manual
suction pump, Entomological Manual Aspirator, Entomological
Automatic Aspirator, Trap, Egg Trap, Larva Trap, Adult
Trap, CDC, Shannon, New Jersey, MoquitoMagnet, Manual
Sampling/Manual Aspiration, respectively. Finally, the entity

TABLE 2 | Description of the domains of the Name attribute of the AreaType entity.

Domain value Description

Park Urban park

Linear park

Urban City

Preserved Forested areas

Environmental protection areas

Conservation units

Permanent preservation areas

Rural Agriculture

Livestock

type ClassificationMethodology received only two different
values for the ClassificationMethod attribute: Morphological
or Molecular.

As the data currently stored on WingBank has been collected
in the past and with less homogeneity, part of the attributes may
receive the special value NULL, since the values of these attributes
for some of the previously collected records are unknown. It is
worth mentioning that this does not mean that these fields will
be permanently null. The new records are expected to be more
complete. Furthermore, in order to complement the implicit and
explicit restrictions expressed in the DB scheme, the semantic
restrictions that apply to the data have been described in a data
dictionary (Supplementary Table 1).

Logical Database Design
The relational data model was created by Edgar F. Codd (1970)
and was considered a revolutionary idea in the 1970s (Seltzer,
2008). The main motivation was an observation made about the
workflow of programmers from the company IBM (International
Business Machines) where Codd worked. He needed to rewrite
a large number of application programs manually whenever the
content or physical organization of a database changed (IBM,
2011). Relational DBs were originally proposed to separate the
physical storage of data from its conceptual representations and
provide mathematical foundations for the representation and
search for data (see Figure 3).

Standardization of Image Labeling
The images of each wing stored in the WingBank are fundamental
pieces for this DB. With its implementation, they were
functionally linked to other information which enables data
validation and recovery, considering that MorphoJ (Klingenberg,
2011), one of the programs commonly used in GM analysis, has
a feature called “Extract New Classifier from ID String.” This
feature allows the classification of samples to be analyzed based
on each character present in the file label (input). A nomenclature
standard for wing image files is proposed here, which applies to
all files submitted to this DB.

Each record on the WingBank (image of the wing + other
metadata), when registered in the system, automatically receives
a unique and sequential access code (“WingBankCode”), which
will be with it as part of the DB, and will facilitate the creation of
a reference in a scientific publication, for example. This identifier
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FIGURE 3 | Representation of the Logical Database Design by mapping a conceptual schema in the EER model into a relational representation. In this model, the
types of entities are transformed into tables, the attributes in columns of the respective tables, the multivalued attributes in other tables, the relationships in foreign
keys and (possibly) new tables. This diagram also shows the crow’s foot notation which indicates the cardinalities of the relationships established by means of foreign
keys. Filled boxes: Entity, Attributes and Relationships which were planned but not yet implemented (Phase II).

consists of an alphanumeric string containing a letter (prefix)
representing the gender (F or M) of the individual, a sequence of 8
non-variable fixed digits, filled with leading zeros, a letter (suffix),
which represents the side (R or L, right or left); and finally, when
the information related to the side is non-existent, the insertion
of the letter U (Unknown) is adopted, as in “F00000001R,”
“F00000001L,” and “F00000001U,” respectively.

Implementation of the Web System
Figure 4 is a diagram in UML that describes the behavior of
the web search system developed for WingBank. This Activity
Diagram represents the flows of the system processes, whether
they are business processes or internal operations. This type of
diagram also shows deviations for alternative processes, such as
displaying an error message. It is then possible to observe the
lanes which were used to organize the actors and components of
the system at different stages of the flow, to make it more readable
and show the importance of each actor in the flow. The actors
of the flow arranged in the lanes are User and Google API. The
components are Web and Server. As shown in the diagram, the
search process always starts and ends with the user (User).

Currently, on the WingBank platform, there are two types
of searches (Figure 5) the simple one, where the user performs
the search by keywords, and (Figure 6) the advanced one,
which allows the user a combined search in the most diverse

ways. The user can filter the results by characteristics related
to the collection (Sampling), that is, space-time information
such as Specific Locality, which refers to specifications such as
breeding type; Locality referring to the most generalized location
such as an address, City, State/Province, Country or Geographic
coordinates (Latitude and Longitude). It is also possible to filter
searches by information related to animal biology, such as Gender
and/or Wing Side.

The search for Taxonomic Classification can also be filtered by
Family, Tribe, Genus and Specific Epithet. The Institution field,
although it can at first be used by any user, is of greater interest
to the internal users of the Instituto Butantan, as it involves
searching for related Institutions (InstitutionName), Internal
Code of the laboratory (LabCode) and the Collection depository
(LCZCode). The results are displayed in a table, in which the user
can sort the results by any of the table headings, just dragging it
to the indicated field.

DISCUSSION

In recent publications referring to biological databases,
Dujardin et al. (2010); Garros and Dujardin (2013) report
on the importance of creating DBs related to the use
of the mosquito wing geometric morphometry (WGM)
technique. In addition, Lorenz et al. (2017); Jaramillo
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FIGURE 4 | Activity diagram for the WingBank platform search system.

TABLE 3 | List of genera and species stored in WingBank.

Genera Number of related species

Chagasia (Cruz, 1906) 1

Aedeomyia (Theobald, 1901) 1

Runchomyia (Theobald, 1903) 1

Sabethes (Robineau-Desvoidy, 1827) 1

Trichoprosopon (Theobald, 1901) 1

Haemagogus (Willston, 1896) 2

Mansonia (Blanchard, 1901) 2

Limatus (Theobald, 1903) 2

Uranotaenia (Lynch Ambálzaga) 2

Wyeomyia (Theobald, 1901) 3

Psorophora (Robineau-Desvoidy, 1827) 5

Coquillettidia (Dyar, 1905) 5

Aedes (Meigen, 1818) 7

Anopheles (Meigen, 1818) 20

77

et al. (2015), and Wilke et al. (2016), among other several
authors (Calle et al., 2002; Jirakanjanakit and Dujardin, 2005;
Dujardin, 2008; Jirakanjanakit et al., 2008; Henry et al., 2010;
Vidal et al., 2011; Motoki et al., 2012; Vidal and Suesdek,
2012; Yeap et al., 2013; Börstler et al., 2014; Laurito et al.,
2015; Phanitchat et al., 2019; Chaiphongpachara and Laojun,

2020; Sauer et al., 2020; Carvajal et al., 2021) who have already
used to solve biological problems in Culicidae, directly and
indirectly, reinforce the importance of gathering morphological,
ecological and space-time data related to mosquitoes in a
DB. The WingBank can enable studies of reanalysis and
meta-analysis, micro and macroevolutionary and that can
also contribute to integrative taxonomy, a multidisciplinary
approach defended by several authors as the best approach for
the diagnosis of species (Schlick-Steiner et al., 2010; Garros
and Dujardin, 2013). Garros and Dujardin (2013) suggest that
the need for a DB is underestimated, since the very power of
morphometry to identify rates is underestimated, reinforcing
that the success of the identification of rates through WGM
depends on the relevance of the reference images in their level
of form divergence, as well as in the classification technique. In
addition, a program of automatic digitization of points, such
as WINGMACHINE (Houle et al., 2003), or morphometric
analysis in an agile way such as XYOM (XYOM-CLIC) can
optimize the process.

However, despite all entries about the importance, as far
as we know, until the creation of the WingBank in 2018
(Virginio-Fonseca, 2018), there was no relational database
to raw material for analysis of alar geometric morphometry
for mosquitoes with worldwide reach. The only project
closest to what was expected from WingBank was MoMe-
CLIC (Morphometrics in Medical Entomology—Collection of
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FIGURE 5 | Layout interface of home page and basic search of WingBank website.

Landmark for Identification and Characterization) which had an
image repository “CLIC bank”—currently migrated to XYOM
(XYOM-CLIC), created by Dujardin et al. (2010). It differs
from WingBank by being a broad spectrum repository of
Arthropod wing images covering different Classes and Orders,
including Culicidae, Tephiritidae, Braconidae, Glossinidae,
Ceratopogonidae, Psychodidae (Insecta; Diptera); Reduviidae
(Insecta; Hemiptera) and Mummuciidae (Arachnida; Solifugae).
With the changes that have taken place on its website over
the years, XYOM became an interesting web application that
dismisses downloads, installation, configuration and urdergo
automatic updating. Although XYOM and WingBank have
been distinctly conceived, their main goal allows them to be
mutually complementary.

Currently, WingBank has data of 77 species belonging to 15
genera, as shown in Table 3. The WingBank shelters several
mosquito species of medical and veterinary importance in
Brazil and worldwide, such as Cx. nigripalpus, a species from
which the Saint Louis virus has already been isolated (Belle
et al., 1964; Chamberlain et al., 1964; Dow et al., 1964); Cx.
coronator which has had specimens found naturally infected
with several viruses, such as Saint Louis in Brazil and Trinidad
and Tobago, the Venezuelan Equine Encephalitis virus in
Mexico (Mackay et al., 2010) and the West Nile virus in
the United States (Unlu et al., 2010); Cx. quinquefasciatus,
species with records of participation in the transmission of

West Nile fever, and lymphatic filariasis (Fernandes et al., 2016;
Guedes et al., 2017).

In addition, it is possible to find in the WingBank data from
Ae. aegypti, which participates in the transmission of urban
yellow fever, Zika, chikungunya, dengue, besides being able to
transmit microfilariae in urban areas (Jowett, 1986; Cirio, 2005;
Lee and Rohani, 2005; Noridah et al., 2007; Chouin-Carneiro
et al., 2016; Costa-Da-Silva et al., 2017a,b); Ae. scapularis, a
species from which Ilhéus, Melao and yellow fever viruses
were isolated (Spence et al., 1962; Vasconcelos et al., 2001;
Pauvolid-Correa et al., 2013), and their participation in the
transmission of the Rocio virus is suspected, due to their
abundance in the Vale do Ribeira region at the time the
epidemy occurred (Jowett, 1986). Another group present on
WingBank is Psorophora ferox, which already was found naturally
infected with Rocio virus (Lopes et al., 1981); Haemagogus
leucocelaenus, which has specimens found naturally infected
with the yellow fever virus (Shannon et al., 1938); Coquilettidia
venezuelensis, related to the transmission of Oropouche virus
(Forattini, 1965); and Mansonia titillans, from which Venezuelan
Equine Encephalitis viruses have been isolated (Aitken, 1972;
Sudia, 1972).

Furthermore, WingBank has data of several species of the
Anopheles genus, such as Anopheles darlingi, An. aquasalis, An.
nuneztovari sl, An. oswaldoi, An. triannulatus sl, An. albitarsis
sl, An. cruzii sl, An. bellator and An. homunculus, which are
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FIGURE 6 | Layout interface of advanced search of WingBank website. A detailed search for “Taxonomic Identification.”

related to the transmission of malaria (Ramirez and Dessen,
1994; Tadei and Thatcher, 2000; Bourke et al., 2013). More
than that, WingBank stores images and information from many
other species, which may not have been studied for vectorial
capacity yet, but which can be considered for future studies.
Currently, data from 11 species are available for search on
WingBank, because they are already related to some scientific
publication: Ae. aegypti, Ae. albopictus, Ae. scapularis, An.
albitarsis s.l., An. arthuri s.l., An. cruzii s.l., An. homunculus,
An. strodei s.l., An. triannulatus s.l., Cx. quinquefasciatus and
Cx. nigripalpus. This number may increase rapidly from the
beginning of the use of the DB by external users, who will be able
to contribute with images and information of species collected
around the world.

Finally, it is known that the predictive power of this
data to compose an automated identification system based

on machine learning (Weeks et al., 1999; Gurgel-Gonçalves
et al., 2017; Khalighifar et al., 2019; Valan et al., 2019; Motta
et al., 2020) depends largely on the quality and quantity of
the training sample (Kalayeh and Landgrebe, 1983; Nigam
et al., 2000; Mukherjee et al., 2003; Tam et al., 2006; Dobbin
et al., 2008; Kim, 2009). In this context, WingBank is a
pioneer on several fronts: exclusivity regarding the alar structure
and the Family Culicidae, extremely important for public
health worldwide; quantitative and qualitative awareness of
the data; accessibility and credibility in making the material
available in a friendly interface and reliable hosting at one
of the most recognized research institutions in the world:
the Instituto Butantan. Therefore, it is expected that this
DB will be an important ally, and possibly a watershed
event in the field of creating new technologies in the area
of public health.

Frontiers in Ecology and Evolution | www.frontiersin.org 11 April 2021 | Volume 9 | Article 660941

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-660941 April 12, 2021 Time: 17:9 # 12

Virginio et al. Wingbank: A Wing Image Database of Mosquitoes

WingBank is the largest database of Culicidae wings that
we are aware of, and the first of the relational type and with
the proposed intentions. The database facilitates the search for
information. It already has 13,287 wing records, of which 12,939
are already linked to images, and 2,138 images are already
available for use by third parties, which makes it possible to carry
out future meta-analysis and reanalysis studies. Furthermore,
each record received an access code (WingBankCode), which
makes it more efficient and reliable to cite the records of wings
into scientific publications. In addition, with WingBank it was
possible to contemplate the South American culicidofauna, which
stands out for its biodiversity, as well as for the great number of
mosquito-related diseases present in this region.

In this context, the WingBank composed of thousands of
information with important richness and density about the
diversity of the Brazilian Culicid fauna can be used as a basis for
programs to digitize the landmarks of the wings of mosquitoes.
Making automatic identification through the use of this DB
should be the next step, which will be further strengthened with
each contribution made by professional colleagues from around
the world. New studies with micro and macroevolutionary
objectives will also be possible, and the work of employees of
health fields will be facilitated, mainly if they do not know with
which species they are handling. As geometric morphometrics
increasingly rises, the launch of WingBank may revolutionize
Medical Entomology, bringing benefits to students, professional
workers and civil society. We are not waiting in the wings, this
collaborative work is only beginning.
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