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ABSTRACT. Criminal traces commonly found at crime scenes may
present mixtures from two or more individuals. The scene of the crime
is important for the collection of various types of traces in order to find
the perpetrator of the crime. Thus, we propose that hematophagous
mosquitoes found at crime scenes can be used to perform genetic
testing of human blood and aid in suspect investigation. The aim of
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the study was to obtain a single Aedes aegypti mosquito profile from a
human DNA mixture containing genetic materials of four individuals.
We also determined the effect of blood acquisition time by setting
time intervals of 24, 48, and 72 h after the blood meal. STR loci
and amelogenin were analyzed, and the results showed that human
DNA profiles could be obtained from hematophagous mosquitos at
24 h following the blood meal. It is possible that hematophagous
mosquitoes can be used as biological remains at the scene of the
crime, and can be used to detect human DNA profiles of up to four
individuals.

Key words: Mosquito blood meal; DNA mixtures; Forensic DNA;
Aedes aegypti

INTRODUCTION

Hematophagy in mosquito vectors influences characteristics that affect reproductive
functions (Attardo et al., 2005), disease transmission (Scott and Takken, 2012), vector
control (Harrington et al., 2014), and even forensic entomology (Spitaleri et al., 20006).
Several mosquito species such as Aedes aegypti (Xue et al. 1995; Scott et al., 1993a,b,
2000; Reyes-Villanueva, 2004), Aedes albopictus (Delatte et al., 2010), and the Anopheles
species (Edman and Downe 1964; Boreham and Garrett-Jones, 1973; Burkot et al. 1988;
Conway and McBride, 1991) require their blood meals as a consequence of physiological
traits (anautogeny) (Clements, 1999). In response to host defense responses, several traits
have evolved in the mosquito to prevent feeding disruption (Conway and McBride, 1991;
Clements, 1999). Such behaviors have many important implications. Multiple feedings in
a gonotrophic cycle allow mosquitos to increase the number of eggs laid (Amerasinghe
and Amerasinghe, 1999; Charlwood et al., 2003) thus enhancing disease transmission by
increasing the frequency of contact with hosts (Garrett-Jones, 1964; Garrett-Jones and
Shidrawi, 1969; Dye, 1986).

From a forensic perspective, human blood found in the digestive tract of
mosquitoes can support investigations of crimes committed in closed environments, i.e.,
in a room or a vehicle (Spitaleri et al., 2006; Curic et al., 2014). Thus, it is possible that
supplementary feeding performed by females in such environments may be allowed for
the genetic material of different subjects to be found in a single mosquito. This may
elevate the importance of mosquitos as forensic evidence. However, such hypothesis has
rarely been investigated.

In addition, due to the wide distribution of mosquitoes, insects found at crime scenes
can be an easily accessible source of human genetic material for forensic purposes (Spitaleri
et al., 2006). Comparison of the suspect’s DNA profile with that of the Scientific Police may
also indicate whether a crime is a repeated offense (Wallace et al., 2014), further increasing the
importance of mosquitos as a tool of crime investigations.

In this study, we evaluated whether human blood obtained from mosquitos caught at
indoor crime scenes could identify the DNA profiles from both the victim and the suspects.
The effect of time delay after blood meals was also investigated.
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MATERIAL AND METHODS
Obtaining the mosquitoes

Adult mosquitoes of the Aedes aegypti species were obtained from the Laboratory of
Endemics/LACEN (Recife/Pernambuco/Brazil). Confirmation of species identification was
performed with the taxonomic key of Rueda (2004). Adult females were kept in cages with
10% sucrose solution up to 24 h before blood was supplied.

Obtaining mixture human DNA samples from hematophagous mosquitoes

Ten mosquitoes were placed in each cage, and identified according to the time interval
after blood meal (24, 48 and 72 h) as well as their respective volunteer that provided the blood
mixture. The volunteers were identified by the letters A (woman), B (man), C (woman), and D
(woman) and they exposed their arms in the cages for the mosquitoes to feed upon (Table 1).
Hematophagy from each volunteer was used as a control group. Before hematophagy by female
mosquitoes, the arms of volunteers were washed with water and mild soap. None of the donors
wore perfumes in order to avoid the presence of attractive or repellent scents for mosquitoes.

Table 1. Order of display of volunteer arms and blood meal time.

Order of display of volunteer arms in the cage Time/each volunteer (in seconds)
A-C 30
A-B-C 20
B-D-A-C 15

One at a time, an arm of each individual was exposed in the cages to ensure that blood
meal was acquired from all volunteers. To avoid any data bias, we established order of arm
exposure randomly, as shown in Table 1. After a pre-defined time was reached, the arm was
removed. To simulate a hypothetical case: volunteer A was defined as the victim, and the other
volunteers (B, C and D) were designated as would be possible suspects.

After completion of the blood feeding, the mosquitoes were sacrificed 24, 48 and 72
h following the blood meal. The mosquitoes were crushed on filter papers, and subsequent
genetic analysis was carried out in the Laboratory of Expertise and Research in Forensic
Genetics/Secretary of Social Defense (Recife/Pernambuco/Brazil).

Reference samples

For sample comparisons, 2 mL blood from each volunteer was pooled into tubes
containing EDTA, in the same order of the blood meal shown in Table 1. This was used as a
standard analysis for subsequent comparison with the results of genetic profiles obtained from
the digestive tract blood of hematophagous mosquitoes. Furthermore, reference samples were
collected from oral mucosa of all volunteers.

Human DNA extraction

DNA samples were extracted using the DNA IQ™ System kit (Promega, Madison,
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WI, USA) following the manufacturer protocols.
Genetic analysis

DNA quantification was performed using the Quantifiler® Duo DNA Quantification
kit (Applied Biosystems, Foster City, CA, USA) with the Real-Time PCR ABI 7500 platform.
Genetic profiling for 15 STR loci (D8S1179, D21S11, D7S820, CSF1PO, D3S1358, THOI,
D13S317, vWA, TPOX, D18S51, D5S818, D16S539, Penta D, Penta E, and FGA) and
amelogenin was achieved by using the PowerPlex® HS System (Promega) following the
manufacturer protocols.

Ethics approval

This study was approved by the Ethics Committee of the Universidade Federal de
Pernambuco (Recife/Brazil) under protocol number 462/11.

Statistical analyses

The DNA Mix v. 3.2 software was used for the statistical analysis to calculate the
likelihood ratios (Curran et al., 1999) of the sample mixture with genetic profiles. An ancestry
coefficient of 0.01 and minimum frequency of 0.01 was used in a database of allelic frequencies
of a Brazilian population (Aguiar et al., 2012) with a confidence interval of 95%. For each
cage, we have the following list of samples for statistical analysis simulating a hypothetical
case: mosquito mixture containing human DNA considered as trace (questioned sample);
victim’s sample corresponding to the volunteer A DNA; and the other volunteers (B, C, and
D) would be possible suspects.

RESULTS AND DISCUSSION

We obtained the genetic profiles for three and four mixed samples from a single mosquito
24 h following the blood meal. However, we did not obtain viable results from mixtures found
in mosquitos 48 and 72 h following hematophagy. Moreover, we also did not obtain profiles for
two mixed samples after 24 h, as we could only visualize the profile of one donor.

The quantification analysis showed that 0.019 ng/uL human DNA was obtained from
one individual; 0.010 ng/uL male DNA when three individuals were used, and 0.256 ng/uL
human DNA (0.007 ng/uL of male DNA) when four individuals were used. The value of
statistical analysis of likelihood ratio (LR) was defined as association of the genetic profile
found in the mixture to an individual in the population. The LR value was calculated in
relation to only the complete markers. Therefore, for statistical comparison of traces with two
suspects (B and C), the following loci were excluded: Penta E, D16S539, TPOX, and FGA;
and calculations with three possible suspects (B, C and D) THOI1, Penta E, and D5S818 were
excluded. The resulting LRs were 3.2 x 10'? and 128.3 x 10'? for mixtures from three or four
individuals, respectively. This calculation is widely used in forensic interpretations (Ladd et
al., 2001; Gill et al., 2006; Haned et al., 2015).

The reference patterns obtained in in vitro mixtures of the blood provided comparable
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profiles. If one compares the peaks in Figure 1A and B with the profiles from the mosquitos’
mixed blood and the reference profile, respectively, only two alleles were missing: allele 8
from THO1 and allele 10 from Penta E. Alleles 7 and 12 had lower peaks due to their base pair
sizes. It is also important to bear in mind that these positive results were obtained 24 h after the
hematophagy event, which corresponded to the time period during which the mosquito started
to metabolize blood for posterior oviposition (Spitaleri et al., 2006).
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Figure 1. Comparison of human DNA profiles with loci D3S1358, THOI1, D21S11, D18S51, and Penta E.
A. Mixture profile trace showing the profiles of four volunteers with blood obtained from the digestive tract
of the mosquito Aedes aegypti 24 h after hematophagy. B. Standard mixture profile of blood from the four
volunteers. C. Profile simulating the victim (corresponding to the volunteer A). D.-F. Profiles of possible
suspects (corresponding to the volunteers B, C and D, respectively).

For the loci D5S818, D13S317, D7S820, D16S539, CSF1PO, and Penta D shown in
Figure 2A-F, we observed that all alleles were obtained when the sample trace profiles were
compared with the reference samples.

For analysis of the markers vWa, D8S1179, TPOX, and FGA (Figure 3A-F), some
alleles had low peaks. We expected disproportionality in amelogenin, with X allele donor
being greater than Y alleles, as the donor material was from three women but only one man.
This was observed in alleles 23 and 25 on the marker FGA, which were expressed at a low to
medium level. Such markers require a greater number of base pairs, especially as these alleles
are expressed in a man.
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Figure 2. Comparison of human DNA profiles with loci D5S818, D13S317, D7S820, D16S539, CSF1PO, and
Penta D. A. Mixture profile trace showing the profiles of the four volunteers with blood obtained from the digestive
tract of the mosquito Aedes aegypti 24 h after hematophagy. B. Standard mixture profile of blood from the four
volunteers. C. Profile simulating the victim (corresponding to the volunteer A). D.-F. Profiles of possible suspects

(corresponding to the volunteers B, C and D, respectively).
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Figure 3. Comparison of human DNA profiles with loci vWA, D8S1179, TPOX, FGA, and amelogenin. A. Mixture
profile trace showing the profiles of four volunteers with blood obtained from the digestive tract of the mosquito
Aedes aegypti 24 h after hematophagy. B. Standard mixture profile of blood from the four volunteers. C. Profile
simulating the victim (corresponding to the volunteer A). D.-F. Profiles of possible suspects (corresponding to the

volunteers B, C and D, respectively).

In the 15 STR loci analyzed, in addition to the sexual marker amelogenin, all values
were greater than that recommended by FBI for the implementation of Combined DNA Index
System (CODIS). This system, composed of 13 STR loci, has become a reference for other
countries regarding forensic analysis, and the larger the number of studied loci, the greater the
reliability for the comparison between sample and the reference traces (Budowle et al., 1999;

Sun et al., 2003).
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Absence of alleles is also commonly found in sample mixtures. Traces at the crime
scene are obtained from inanimate objects, such as bottles, as well from living organisms
such as mosquitoes and necrophagous larvae. Mixed and degraded samples offer forensic
challenge due to imbalanced peaks and limited expression of one or more alleles (Ladd et al.,
2001). Even with the failure to obtain matching alleles between full-profile of the suspect and
evidentiary sample, the profile trace mixture may be essential for other aspects of the case,
such as including or excluding suspects (Butler, 2005).

In crime scenes it is common for researchers to collect traces that, after analysis, are
identified as mixtures containing human DNA. We show that biological traces with mixed
genetic profiles, such as in hematophagous mosquitoes, may be important for inclusion or
exclusion of suspects, and aid crime investigations.
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