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Abstract

Background Determination of the interactions between hematophagous mosquitoes and their human hosts

is of great importance for better understanding the transmission dynamics of mosquito-borne arboviruses and devel-
oping effective strategies to mitigate risk. Genetic analysis of human and mosquito DNA can play a key role in this,
but commercial kits for human short tandem repeat (STR) genotyping are expensive and do not allow for the simul-
taneous STR analysis of host and vector DNA. Here, we present an inexpensive and straightforward STR-loci multiplex
system capable of simultaneously amplifying Aedes albopictus and human STRs from blood-fed mosquitoes. Addition-
ally, we examine the effect of storage methods and post-feeding time on the integrity of host DNA.

Methods Thirty-five STRs (16 human and 19 Ae. albopictus STRs) subdivided in three multiplexes were tested

for amplification and scoring reliability. Under laboratory conditions we compared the efficacy of two preservation
methods (absolute ethanol vs lysis buffer) on the integrity of host DNA in Ae. albopictus blood meals. We also evalu-
ated the effect of post-feeding time by sacrificing blood-fed mosquitoes at different time intervals after feeding,
and we assessed our ability to detect multiple feedings. To determine if the system can be employed successfully
under field conditions, we carried out a preliminary study using field-collected Ae. albopictus.

Results All 35 STRs amplified consistently in the laboratory. Lysis buffer performed better than absolute ethanol

in terms of allele peak height and clarity of electropherograms. Complete human DNA profiles could be obtained

up to 48 h following the blood meal. Analysis of multiple feedings confirmed that peak heights can be used as a proxy
to determine post-feeding time and thus derive the number of different people bitten by a mosquito. In the field

trial, amplification was successful for 32 STRs. We found human DNA signal in 38 of the 61 field-collected mosquitoes
(62%), of which 34 (89%) had ingested a single blood meal, while four (11%) contained double meals.

Conclusions Our new genotyping system allows fast and reliable screening of both host and vector species, and can
be further adapted to other mosquito species living in close contact with humans.
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Background

The Asian tiger mosquito, Aedes albopictus, is an invasive
disease vector that constitutes a major public health con-
cern, mainly because of its ability to transmit a variety of
arboviruses, including dengue, Zika and chikungunya [1-
3]. Aedes albopictus is considered to be one of the world’s
most invasive species because, although originally native
to the tropical forests of Southeast Asia, in the late 1970s
it started to spread rapidly to a wide range of temperate
and tropical regions across the globe [4]. Taken together,
the rapid geographical spread of Ae. albopictus and its
potential to vector a wide range of pathogens present
a challenge for global economies and a threat to public
health [5-7]. This, together with its tendency to live in
highly populated and urban areas, its anthropophagic [8—
10] and aggressive daytime human-biting behavior [11]
and its tendency to ingest multiple blood meals during
each gonotrophic cycle [12], amplify the species’ poten-
tial to transmit pathogens through the human-mosquito
networks formed through each bite.

Studying the characteristics of these networks of
mosquito-human interactions is of great importance for
better understanding the dynamics of mosquito-borne
diseases and developing effective strategies to mitigate
risk. Traditionally, mosquito identification was based
on morphological characters. However, the need to bet-
ter understand interactions between arthropod vectors
and their vertebrate hosts, coupled with the advent of
molecular biology methods during the twentieth century,
revolutionized this field. These developments enhanced
capabilities for species identification and made it possible
to detect vertebrate host DNA in mosquito blood meals
[13, 14]. Indeed, during the early 1990s, PCR-based
amplification of variable fragments of host DNA from
mosquito blood meals significantly improved the identi-
fication of vertebrate hosts [15, 16], and it soon became
one of the best ways to study the feeding patterns of mos-
quitoes that tend to feed on human blood [17]. More con-
cretely, short tandem repeats (STRs) have become more
and more widely used in human DNA blood meal pro-
filing due to their capacity to recover information from
low amounts of DNA, their high degree of discrimina-
tion, their cost effectiveness and their compatibility with
multiplexing methods [18]. Consequently, in the last dec-
ades, studies targeting human STRs for DNA fingerprint-
ing from blood-fed mosquitoes have flourished, making
it possible to examine mosquito feeding patterns in a
very precise way [19-22]. STRs are also widely employed
in the characterization of genetic diversity and structure
of mosquito vector species, as well as in the delineation
of their invasion routes [23—25]. Simultaneous and inex-
pensive genetic analysis of human and mosquito DNA
could provide a fuller and more detailed picture of the
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transmission dynamics of mosquito-borne arboviruses
and, thus, could be valuable in the design of targeted pol-
icy interventions for reducing disease risk. Nevertheless,
commercial kits commonly used for human STR geno-
typing are expensive and do not allow for the simultane-
ous analysis of host and vector STR loci (e.g. [26]).

In this study, we present for the first time an inexpen-
sive and straightforward STR-loci multiplex system capa-
ble of simultaneously amplifying 19 Ae. albopictus and 16
human STRs, including the sex determinant locus amelo-
genin, from blood-fed mosquitoes. Additionally, we
examine four issues that present possible limitations to
the system: (i) whether our set of human STR loci allows
for discrimination of closely related individuals; (ii) the
differential efficacy of two of the most commonly used
preservation methods (absolute ethanol and lysis buffer)
on the integrity of human DNA extracted from blood-fed
Ae. albopictus; (iii) the time interval over which human
DNA can be detected in a blood meal before the informa-
tion is lost due to DNA degradation and digestion; and
(iv) whether we can determine the number of different
people in a single blood meal and whether human DNA
from the blood meal can be matched to that found in the
same person’s saliva. Finally, to establish whether the sys-
tem can be employed successfully under field conditions,
we present a preliminary field study in which we used
blood-fed mosquitoes collected in Catalonia (northeast-
ern Iberian Peninsula). Although this new genotyping
system was designed for use on Ae. albopictus, it can be
further adapted to other mosquito species living in close
contact with humans.

Methods

Sampling, DNA extraction, microsatellite screening

and analysis

Blood-fed mosquitoes

Aedes albopictus individuals were collected as eggs or
larvae during 2020 and reared in captivity. To this pur-
pose, standard ovitraps were placed in the Marimurtra
Botanical Garden in Blanes (Spain; see Additional file 1:
Figure S1). The ovitraps consisted of dark plastic con-
tainers filled with water, with a thin wooden blade as
oviposition support (the egg-collector), following the
methodology used in the pan-European Aedes Inva-
sive Mosquito species (AIM) COST Action and other
surveillance programs [27]. In the laboratory, egg-col-
lectors with variable numbers of tiger mosquito eggs
were placed in tap water at around 21 °C for larvae
to hatch. Alternatively, larvae were captured directly
from storm drains located at roads in the surround-
ings of the Marimurtra Botanical Garden. All samples
were kept in the Live Organism Experimental Labo-
ratory (LEOV) of the Center for Advanced Studies of
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Blanes (CEAB-CSIC, Blanes; see Additional file 1: Fig-
ure S1). Adult Ae. albopictus were placed in a screened
bug dorm cage under natural day-night light condi-
tions at constant temperature (about 21 °C). No blood
was provided prior to the experiments, and mosquitoes
were fed on either cotton discs imbued with a solution
of tap water and 10% sugar or apple slices ofapproxi-
mately 20 g, which were replaced every 2 days. On days
3 to 5 from hatching, females were allowed to feed to
repletion on a human arm (of one of the authors). After
feeding, engorged females were collected directly from
the host arm using an electric insect aspirator. All sam-
ples (a total of 50 engorged mosquitoes) were saved for
DNA analyses by placing them into 1.5 ml microcentri-
fuge tubes with a preservation agent (absolute ethanol
or lysis buffer) and stored at — 80 °C.

Mosquito and host DNA was extracted using a
slightly modified version of the DNeasy Blood and Tis-
sue kit (Qiagen, Hilden, Germany) protocol. Abdomens
of engorged females were isolated from the rest of the
body to avoid degradation of DNA by the endonucle-
ases contained in the eyes [13], and macerated using
forceps and tips, releasing the blood into the lysis solu-
tion. Forceps were sterilized and air dried between
each mosquito to prevent cross contamination of sam-
ples. The samples were then incubated at 56 °C for 24 h
with proteinase K before proceeding with the protocol,
which finished with a two-stage DNA elution of 15 pl
each with DNA-free milliQ water (final elution volume
of 30 ul).

We simultaneously amplified 16 human STRs (includ-
ing 13 CODIS loci, two STRs commonly used for human
fingerprinting and the gender identification locus amelo-
genin [26]) and 19 STRs specific for Ae. albopictus [28,
29]. The analyzed STRs are described in Table 1. Loci
were selected based on their easy and clear characteriza-
tion and high variability. We developed a novel multiplex
organization to amplify simultaneously human and mos-
quito microsatellites, which consisted of a cost-effective
and efficient protocol based on multi-colored fluorescent
primers (fluorophores 6-FAM, Hex, Atto560 and Atto565
for mosquitoes; 6-FAM, Joe, Tamra and Atto565 for
humans) spread across three multiplexes (Table 1). The
program Multiplex Manager 1.2 [30] was used to plan
and optimize this distribution. Multiplex PCR amplifica-
tions were performed in a reaction volume of 11 pl, con-
taining 5.5 pl Qiagen multiplex PCR master mix, 1.0 pl
genomic DNA, 1.0 pl Q-solution and variable volumes of
primer mix and water. The PCR thermocycling program
consisted of 95 °C for 11 min; 30 cycles at 94 °C for 30 s,
60 °C for 1 min and 72 °C for 1 min; and a final extension
at 60 °C for 30 s. PCR products were run in 1.2% agarose
gels and visualized under UV light at 300 nm.
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Saliva

Human DNA extracted from the saliva of 12 study par-
ticipants was used to obtain reference allelic profiles,
which were stored in an anonymized database. After each
participant provided informed consent, samples were
collected by swabbing the inner cheek with a sterile appli-
cator stick for approximately 30 s. The swabs were taken
and mixed gently into a 15 ml Falcon tube with 500 pl of
phosphate buffered saline (PBS) solution and preserved
at — 20 °C. Human samples were given unique numerical
codes to decouple them from subjects’ identities.

DNA extraction from saliva followed a similar protocol
as for the blood-fed mosquitoes, except for the incuba-
tion time, which lasted only 10 min for the saliva. Moreo-
ver, after removing the applicator stick from the Falcon
tube, the solution containing DNA was cleaned twice to
obtain a higher purification, first with 500 ul of PBS solu-
tion and then with 250 ul of PBS solution, as proposed
by Ng et al. [31]. From this step onward, the protocol
described above was followed, with final elution volumes
of 100 pl for each sample.

The same 16 human STRs were distributed in one
multiplex and amplified under the previous conditions
(Table 1). To test the discriminatory power provided by
our microsatellite set, we took oral swabs from volunteers
in two families of four and five members (each composed
of a mother, a father and two or three adult siblings), who
provided informed consent. Principal coordinates analy-
sis (PCoA) of the obtained genetic profiles was used to
determine whether each family member had a unique
DNA fingerprint and to visualize genetic differences
between profiles [32]. The PCoA was run using the ‘pcoa’
function in the ape package 5.3 [33] in R 4.1.0 [34], start-
ing from a Nei’s D, genetic distance matrix, which was
created through the MSA program [35]. Sample size was
chosen based on sample availability and published litera-
ture [36].

Microsatellite genotyping and sizing

Genotyping of the PCR products was performed by Secu-
gen S.L. (Madrid, Spain) on a 48-capillary 3730x] DNA
Analyzer (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA). Fragments were sized with GeneS-
can LIZ-500 size standard (Thermo Fisher Scientific) and
binned using Geneious 11.1.5 [37].

Computer-assisted identification of profiles

To check if human allelic profiles extracted from
engorged mosquitoes came from any of the participants
who provided saliva, one Nei’s D, genetic distance matrix
(including both human profiles derived from engorged
mosquitoes and those derived from cheek swabs) was
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Table 1 Combined human-Aedes albopictus short tandem repeats set employed in the present study
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Locus

Repeat motif Allele size range (bp)

Primer sequences

Co (UM)

MPX  Primer label (fluorescent

dye) for blood-fed
mosquitoes

Primer label
(fluorescent dye) for
buccal swabs

Alb-tri-3°

Aealbmic11®

Aealbmic4®

Aealbmic13°

Alb-tri-18°

PentaD®

D351358°

Aealbmic12°

Aealbmic3®

FGA®

Alb-tri-21°

Aealbmic7®

Aealbmic5®

D18s51¢

[AGA]n 123-153

[TGTIn

188-230

[CAAINn

167-183

[GATIGAC
GATIn

132-171

[ACAIn 250-280

[AAAGA]n

376-449

[AGAT]n, [TCTA]In

115-147

155-182

[GAT]n

[AACIn

200-239

[TTTCIn

322-444

[AGGG]n

137-206

[TTGINATG[TTGIn

194-215

136-214

[TGTIn

[GAAAIN 290-366

F: AGATGTGTCGCAATG
CTTCC
R: GATTCGGTGATGTTG
AGGCC

F: CTCTGCGTTCCGGTT
CTATC

R: AGGCAACCTCTCGAA
TGAAA

F: ATCGCGGGTTTTCTA
TTCCT

R: ATCAACGAAACCGAA
AGCAT

F: TCACACCATGGTCAA
AGCAT
R: TGCTGAGTTGAATGG
AAACG

F: ACACAATTGCCGTTC
AGCTC
R: CGTCTAATAGCTCCG
GTCCC

F: GAAGGTCGAAGCTGA
AGTG

R: ATTAGAATTCTTTAATCT

GGACACAAG

F: ACTGCAGTCCAATCT
GGGT

R: ATGAAATCAACAGAG
GCTTGC

F: AGAGCCCTCGAAAAG
AGAGC

R: AGCACTCATTCTTGG
CTTGG

F: ACCATACAGCCTGGA
GTTCG
R: GGGGTTGTGTGAATT
GTCGT

F: GGCTGCAGGGCATAA
CATTA

R: ATTCTATGACTTTGC
GCTTCAGGA

F: AGGGCTTCAATGGGT
CTCTC

R: TGGTTATTAATACGG
CGAGGC

F: ATAGACGGGAGTCGG
TTCCT

R: TCCAACCGCTAGTGT
CATCA

F: AACCCATCGAACACA
GAAGG
R: GTACGGTTGACTCGC
TGTGA

F: TTCTTGAGCCCAGAA
GGTTA

R: ATTCTACCAGCAACA
ACACAAATAAAC

03

03

03

03

03

0.3

0.25

0.3

0.3

0.3

0.5

03

03

0.25

6-FAM

6-FAM

6-FAM

HEX

HEX

JOE

TAMRA

ATTO550

ATTO550

ATTO565

ATTO565

ATTO565

6-FAM

6-FAM

JOE

6-FAM

TAMRA

6-FAM
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Locus

Repeat motif

Allele size range (bp)

Primer sequences

Co (M)

MPX  Primer label (fluorescent

dye) for blood-fed
mosquitoes

Primer label
(fluorescent dye) for
buccal swabs

PentaE® [AAAGAIN

Alb-tri-46° [TTCIn
D165539¢ [GATA]n
Aealbmic9®  [GATIn
Alb-tri-20° [GTGIn
Alb-tri-25° [CCAAIN
D5S818° [AGATINn
Alb-tri-44° [CACIn
CSF1POC [AGATIn
Alb-tri-45° [TTTIn
Alb-tri-6° [AGCIn
D21511¢

Alb-ri-33°

[GGCIn

D13S317¢ [GATAIn

[TCTAIn, [TCTG]n

379-474

158-192

264-304

128-143

165-201

257-278

119-155

173-212

321-357

120-150

164-219

203-259

137-182

176-208

F: ATTACCAACATGAAA
GGGTACCAATA

R: TGGGTTATTAATTGA
GAAAACTCCTTACAATTT

F: TTCACAACATACGGA
ATCGC
R: GGTCCGGTGTAATAG
CCTCC

F: GGGGGTCTAAGAGCT
TGTAAAAAG

R: GTTTGTGTGTGCATC
TGTAAGCATGTATC

F: GCGATGACAGTGGAA
CAAGA

R: GCTTGGCAGGGAACA
AATTA

F: GTGCCGTTGATCATC
CTGTC

R: TCCAGCACCGTGAGT
AATCC

F: CCAACCAACAACCCA
GGAAC

R: TACGATGCGCAACCA
TCATC

F: GGTGATTTTCCTCTT
TGGTATCC

R: AGCCACAGTTTACAA
CATTTGTATCT

F: CACTCGCGCGTGTTC
TTC

R: GACGCACCATCAGCA
TCATC

F: CCGGAGGTAAAGGTG
TCTTAAAGT

R: ATTTCCTGTGTCAGA
CCCTGTT

F: TTTCAGCTCGGTGTT
ATGGC

R: TGATGTTGATGATGA
TGACTACGA

F: AGCACGAGTACAGAA
TGTGC

R: TGGCCTCCTACCGTT
TATCTG

F: ATATGTGAGTCAATT
CCCCAAG

R: TGTATTAGTCAATGTTCT
CCAGAGAC

F: GGCTGCTGTTGTTGG
TACG

R: CACGTTCAATCACCG
GTTCC

F: ATTACAGAAGTCTGG
GATGTGGAGGA

R: GGCAGCCCAAAAAGA
CAGA

0.25

0.3

0.2

0.5

0.3

0.3

0.1

03

03

03

03

0.25

0.3

0.25

6-FAM

HEX

JOE

ATTO550

ATTO550

ATTO550

ATTO565

ATTO565

ATTO565

6-FAM

6-FAM

6-FAM

HEX

JOE

6-FAM

JOE

ATTO565

ATTO565

6-FAM

JOE
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Locus

Repeat motif

Allele size range (bp)

Primer sequences

Co (M)

MPX  Primer label (fluorescent
dye) for blood-fed
mosquitoes

Primer label
(fluorescent dye) for
buccal swabs

D75820°

Amelogenin®

VWAS

D8S1179°

Alb-tri-41°

[GATAIn

[AGAT]n

[TATCIn

215-247

106-112

123-171

203-247

134155

F: ATGTTGGTCAGGCTG
ACTATG

R: GATTCCACATTTATC
CTCATTGAC

F: CCCTGGGCTCTGTAA
AGAA

R: ATCAGAGCTTAAACT
GGGAAGCTG

F: GCCCTAGTGGATGAT
AAGAATAATCAGTATGTG
R: GGACAGATGATAAAT
ACATAGGATGGATGG

F: ATTGCAACTTATATGTAT
TTTTGTATTTCATG

R: ACCAAATTGTGTTCA
TGAGTATAGTTTC

F: GATCGATTTGGGAGC

0.25

0.3

0.25

0.3

3 JOE

3 TAMRA

3 TAMRA

3 TAMRA

3 ATTO565

JOE

TAMRA

TAMRA

TAMRA

[GAT]n
TTCTG

R: GAACCTCTTCTCGCT

TGGCT

THO1¢ [AATG]n 156-195

CTGTTC

F: GTGATTCCCATTGGC 0.2 3

ATTO565 ATTO565

R: ATTCCTGTGGGCTGA

AAAGCTC

TPOX® [AATG]n 262-290

TTAGG

F: GCACAGAACAGGCAC 0.2 3

ATTO565 ATTO565

R: CGCTCAAACGTGAGG

TG

The repeat motif, allele size range, forward (F) and reverse (R) primer sequences, primer concentration (C,), amplification multiplex panel (MPX) and primer label are

shown for each short tandem repeat (STR)

@ Aedes albopictus STRs from Beebe et al.[29]
b Ae. albopictus STRs from Manni et al.[28]
“Human STRs [26]

created from allelic data through the MSA program,
and samples were compared using MS Excel (Microsoft
Corp., Redmond, WA, USA). Only pairs of samples with
D, distance < 0.15 were considered as possible matches;
this was done to account for possible amplification
failures.

Accuracy and limits for human host DNA detection

in blood-fed mosquitoes

Three experiments were conducted on laboratory-reared
engorged mosquitoes, with the aim to: (i) compare the
efficacy of two preservation methods, namely absolute
ethanol versus lysis buffer, on the integrity of human
DNA; (ii) determine the time interval over which human
DNA can be detected in a blood meal; and (iii) under-
stand our ability to discriminate between multiple feed-
ings from a single mosquito. For this last point, human
DNA profiles extracted from blood meals were compared
with reference profiles obtained from buccal swabs. Sam-
ple sizes were chosen based on sample availability and

published literature [e.g. 20, 30], with the goal of maxi-
mizing statistical power subject to logistical constraints.
Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Tukey’s test.

Host DNA detection capacity according to the preservation
method

Five engorged mosquitoes were preserved using each
preservation method: absolute ethanol and lysis buffer
(40 mM EDTA; 50 mM Tris pH 8.3; 0.75 M sucrose).
The time between mosquito collection and preserva-
tion was<5 min. Success rate of amplification and allele
detectability — determined by comparing electrophero-
gram peak heights (PHs) — were assessed to compare the
two preservation methods. Regarding PHs, homozygotes
were assumed to present a single peak of twice the het-
erozygote PH for a single allele. In addition, mean PHs
throughout all loci were calculated as the sum of the PHs
for the alleles detected in each sample divided by the
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total number of alleles detected, and standardized follow-
ing Sneath and Sokal [38].

Digestion time limits for detecting host blood

A total of 21 engorged Ae. albopictus were sacrificed at
different times after blood feeding: four mosquitoes at
0 h, 12 h, 24 h and 48 h; three at 72 h; and two at 96 h.
All were stored in absolute ethanol at — 80 °C until DNA
extraction. To determine the evolution of DNA detect-
ability over time, we analyzed the rate of detectability
of each locus and the mean PHs at the different times
post-feeding.

Capacity for detecting human host DNA in multiple feeding
cases

Seven Ae. albopictus adults were offered partial (i.e.
incomplete) blood meals from human hosts (all authors
of this study): two of these mosquitoes were offered
meals from two hosts and five were offered meals from
three hosts. For each mosquito, time between consecu-
tive meals was <5 min. Samples were stored in lysis buffer
at - 80 °C. The number of different people in a single
blood meal was determined by examining the number of
alleles detected at the different human STR loci.

Field validation of the protocol

A preliminary field study was carried out to test the reli-
ability and feasibility of our combined human-mosquito
microsatellite set.

Field site and sample collection

The study was conducted in the Marimurtra Botani-
cal Garden (Blanes, Girona; 41°40'36.6”N, 2°48°08.5”E;
4 ha) and its surroundings (see Additional file 1: Figure
S1). This is a suitable place for the establishment and
proliferation of Ae. albopictus due to the high variabil-
ity of vegetation, temperate climate, abundance of water
and high humidity. Sample collection was conducted in
two periods of time separated by 3 months: late spring
(HMIP-A) and early autumn (HMIP-B) 2021, when mos-
quitoes abound and the garden is visited by a high num-
ber of tourists. In total, 61 Ae. albopictus mosquitoes
were captured using three different methods: (i) ento-
mological aspirators; (ii) Biogents BG Sentinel 2 traps
(Biogents AG, Regensburg, Germany); and (iii) direct
catches performed by volunteers and collaborators, who
were provided with a small plastic container with a top
for mosquito collection. At the same time, the cheek
swabbing procedure described in section Saliva was used
to collect saliva samples from 40 volunteers and col-
laborators, all of whom first provided informed consent.
As a precaution against SARS-CoV-2 infection, given
the ongoing pandemic at that time, each participant
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swabbed his/her own inner cheek with a sterilized stick.
All research collaborators provided oral swabs in order
to make it possible to check for sample contamination
during mosquito collection or laboratory analysis. Fol-
lowing collection, mosquitoes (preserved in lysis buffer)
and cheek swabs (preserved in PBS) were saved for DNA
analysis under the conditions described in section Blood-
fed mosquitoes and other sections.

Genetic analyses

Mosquito and human host DNA was extracted, amplified
and profiled as described above. Possible genetic struc-
ture of both mosquito and human DNA profiles was eval-
uated through PCoA following the procedure described
in section Saliva.

Results

STR amplification and discriminatory power

A total of 32 STR loci (16 human and 19 Ae. albopictus
STRs) combined in three multiplexes were simultane-
ously amplified (Table 1). All loci amplified consistently
and were polymorphic, with a mean number of alleles per
locus of 6.7 in human samples and 4.4 in Ae. albopictus
samples.

The two-family nuclei from whom cheek swabs were
obtained could be clearly differentiated by PCoA analysis
(Fig. 1). Within each family, each member had a unique
allelic profile and could be clearly differentiated from the
others, with the siblings having DNA profiles intermedi-
ate between those of the parents.

Accuracy and limits for host DNA detection

Sample preservation

Of the 10 engorged mosquitoes analyzed, one (preserved
in ethanol) was excluded from the analysis due to possi-
ble contamination during DNA extraction. Overall, with
both preservation methods we detected a 100% allele
amplification rate in all loci at 0 h of digestion. However,
after applying the standardization proposed by Sneath
and Sokal [38], mean PHs were higher in all studied loci
in samples preserved with lysis buffer (Fig. 2). On aver-
age, PHs obtained from samples preserved with lysis
buffer were 120% higher than the ones from samples pre-
served with ethanol. One-way ANOVA corroborated that
the differences in PHs between both methods were sig-
nificant (ANOVA, F{; ¢, =236, P<0.0001).

Digestion time limits for detecting host blood

On average, nearly 100% of human alleles (31.5 out of
32 possible alleles) were detected in the analyzed blood
meals from O to 48 h after feeding (Fig. 3a). After 48 h
the number of alleles rapidly decreased over time to the
point that < 20% of alleles were detectable at 72 h; at
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96 h, host DNA was almost undetectable. The evolu-
tion of standardized PHs with digestion time follows a
descending sigmoid curve (Fig. 3b). Standardized PHs
were highest from 0 to 24 h post-feeding; subsequently,
standardized PHs sharply decreased and were 0 at 72 h
post-feeding. One-way ANOVA showed significant
differences between post-feeding times (ANOVA, F5
330)=19.42, P<0.0001), and Tukey’s test revealed signif-
icant differences in standardized PHs between groups
0-24 h and 48-96 h post-feeding (P < 0.0001).

Capacity for detecting human host DNA in multiple feeding
cases

Seven lab-reared mosquitoes were offered partial blood
meals from either two or three different hosts (all authors
of this study), with meals separated by<5 min. In gen-
eral, full or partial profiles of all hosts were detected in
all mosquitoes. In all but one mosquito, individual allelic
profiles could be correctly discriminated based on the
relative PHs of the 16 human STRs, which is a proxy for
DNA template amount [39]. We found only one case
where the relative PHs of two hosts in a single blood meal
were similar. In every sample, full allelic profiles from
the host with highest PHs were correctly detected and
assigned to the relevant homologous profiles stored in
our saliva database (see Methods). Only partial profiles
were detected for the other hosts.

Field evaluation

Human DNA

Complete allelic profiles at all loci were retrieved from all
40 individuals sampled by oral swabbing, and all profiles
were unique (i.e. each individual had a unique and spe-
cific combination of alleles). Regarding the 61 collected
mosquitoes, of the initial set of 16 human STRs, only
13 were considered for analyses, as locus PentaD failed
to amplify in most samples and the allele size ranges of
loci vWA and D5S818 were found to overlap with those
of other STRs. Human DNA signal was found in 38/61
(62%) mosquitoes, of which 34 (89%) had ingested a sin-
gle blood meal, while four (11%) contained double meals,
totaling 42 human profiles (Fig. 4). Nevertheless, only 23
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(55%) out of the 42 retrieved human profiles were com-
plete or nearly complete (i.e. amplification was successful
for > 11 loci). When considering the 23 nearly complete
profiles only (which were found in 23 different mosqui-
toes; see continuous line below networks in Fig. 4), four
matched three profiled humans (depicted inside filled
circles in the biting networks of Fig. 4), i.e. three profiled
humans were bitten by four different mosquitoes (as one
profiled female was bitten by two mosquitoes; Figs. 4, 5a).
The human-mosquito biting network derived from the 42
profiles is represented in Fig. 4.

Mosquito DNA

All 61 sampled mosquitoes amplified consistently. We
identified an average of 37.44 alleles per sample (standard
error [SE] +0.18) out of the 38 possible ones. PCoA anal-
ysis revealed three partially overlapping groups (Fig. 5b):
a first group consisted of mosquitoes sampled as eggs
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or larvae in 2020 and reared in the laboratory (LM),
whereas the second and third groups consisted of mos-
quitoes collected in 2021 during the field study (HMIP-A
and HMIP-B, respectively).

Discussion

Aedes albopictus feeds preferentially on human blood,
and it is adapted to live in close proximity to humans,
often in highly populated and urban areas [40, 41]. The
species is an epidemiologically important vector for the
transmission of many human pathogens, which makes
it crucial to implement effective surveillance and con-
trol strategies [42]. Genetic epidemiological studies of
human-mosquito networks are thus of great importance
for a better understanding of the inherent risk associated
with mosquito-borne arbovirus transmission. In spite of
this, to our knowledge no one has ever proposed a valid
genotyping method capable of simultaneously analyzing
human and Ae. albopictus DNA for studies on human-
mosquito interactions.

In the present study we developed for the first time
an inexpensive, straightforward and universal STR-loci
multiplex system capable of simultaneously amplifying
human and Ae. albopictus STRs from blood-fed mos-
quitoes. The main novelty is that both vector and host
DNA analysis (vector population genetics and human
DNA fingerprinting) can be carried out at the same time
starting from a single extraction of a single blood-fed
mosquito, at lower cost than has previously been possi-
ble. Furthermore, one of the most remarkable methodo-
logical advantages of our assay comes from the ability to
mix human and mosquito STRs: combining the micros-
atellites resulted in a reduction of the number of multi-
plexes used from four (one for human and three for Ae.
albopictus STRs) to three (all of them combined human-
mosquito multiplexes) and, consequently, allowed us to
save laboratory work time and money during amplifica-
tion and genotyping. Indeed, at present the total esti-
mated cost per sample with our new system is around
15€, which covers all reagents and primers used for
DNA extraction and STR amplification, as well as STR
genotyping. In comparison, the cost per reaction of com-
mercial kits for human STR genotyping employing the
same 16 human STRs is at leastapproximately 25€ [26],
bringing the total cost (DNA extraction plus genotyping
expenses) toapproximately40€. Overall, our inexpensive
STR method for analyzing human and mosquito DNA
makes it possible to provide a fuller and more detailed
picture of the transmission dynamics of mosquito-borne
arboviruses. This makes the method particularly valuable
when designing targeted policy interventions for control-
ling vector mosquito populations and reducing disease
risk.
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Fig.4 Summary figure of the field trial and human-mosquito biting networks identified in the two sampling sessions. Of the 61 field-collected
Aedes albopictus, human DNA signal was found in 38 (top left). Buccal swabs were collected from 40 individuals to look for possible matches
with human DNA profiles from mosquitoes (top right). As shown in the biting networks (sampling sessions 1 and 2), 34/38 mosquitoes had
ingested a single blood meal, while four (circled in red) contained double meals, totaling 42 human genetic profiles. Of the 42 human profiles, 23
were complete or nearly complete (continuous line below networks), while 19 were incomplete (dashed line). Of the 40 profiled individuals, three
(depicted inside filled circles in the biting networks) were bitten by four different mosquitoes

In the present study, 35 STR loci (16 human and in the laboratory environment. However, when we
19 Ae. albopictus STRs) were tested for amplification tested the protocol under natural non-optimal condi-
and scoring reliability. All of them worked correctly tions, we detected amplification failures in the human
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microsatellite PentaD, which presented low amplification
efficiency possibly due to the length of its products (376—
449 bp). Amplicon length has been reported to directly
affect amplification success of host DNA over time [36,
43], which is the reason why molecular analyses that tar-
get degraded DNA often use short amplicons [44], which
are less sensitive to deterioration [36]. We also removed
two other human STRs, VWA and D5S818, because of
overlapping allele sizes. As a result, a total of 32 STRs
were deemed useful, and their distribution among three
mixed PCR multiplexes was successful, making it pos-
sible to retrieve mosquito and human genetic profiles
simultaneously. Furthermore, while losing three human
STRs, it is important to underscore that human profiles
obtained by the remaining 13 loci were still unique and
clearly differentiable.

In genetic analyses of field-collected specimens, it
is important to keep in mind that the preservation
method can have a direct effect on DNA integrity,
and thus on the effectiveness of host DNA detection
and fingerprinting [13]. In the present study, in which
human DNA contained in Ae. albopictus blood meals
is the target of the assay, it is crucial to protect remain-
ing DNA template molecules from storage-associated
degradation caused by oxidation, hydrolysis or radia-
tion [45]. Lysis buffer and absolute ethanol were cho-
sen as preservation agents here because of their many
advantages, such as easy manipulation during field

sampling, low risk of contamination, negligible cost
and proven functionality and efficiency (e.g. [13, 36]).
Although both methods returned amplification rates of
100% at 0 h of digestion, lysis buffer performed better
than absolute ethanol in terms of allele PHs and clarity
of electropherograms.

Similarly, post-feeding time delay has a negative effect
on DNA integrity because of human DNA degradation
caused by the mosquito’s digestive processes [20, 46].
Our results show a decreasing trend with time in allele
detectability that can be represented as a descending sig-
moidal curve. Although an important decrease in PHs
was observed when the delay exceeded 24 h following
the blood meal, complete human DNA profiles could
be obtained, albeit with some degradation, up to 48 h.
These observed patterns are consistent with the findings
of numerous studies that report similar PH behavior [47]
and the difficulty of retrieving complete or nearly com-
plete host DNA profiles from around 36 h of digestion
[17, 22, 48]. Furthermore, our results reinforce findings
by Hiroshige et al. [47] that PH can be used as a proxy
for post-feeding time. Nevertheless, it should be noted
that mosquito samples used in the post-feeding time
assay were stored in absolute ethanol, which could have
had an effect on allele detectability. For future research, a
reassessment of the evolution of DNA detectability over
time using samples preserved in lysis buffer could lead to
improved loci detectability.



Albé Timor et al. Parasites & Vectors (2023) 16:347

In our field study, we could readily detect cases of mul-
tiple feedings (4/38 mosquitoes in which human DNA
was found) and determine the number of different people
bitten by a mosquito (either one or two; we did not detect
any case of triple feeding) through the number of alleles
detected at the different human STR loci. Furthermore,
individual host profiles were obtained by looking at the
relative PHs of human STRs, which is related to post-
feeding time and to the amount of good quality DNA
available for every human host [39, 47]. Nevertheless, it is
important to keep in mind that difficulty in distinguish-
ing different people in a single blood meal will depend
on: (i) the level of DNA degradation of each person; (ii)
the masking effect produced by higher alleles located in
the same position; and (iii) the total number of people
represented in the blood meal. For this reason, in multi-
ple feeding cases we were able to obtain highly complete
profiles only from the host with the highest PHs, whereas
a decreasing tendency on the number of detected alleles
was observed for the other hosts. This result suggests that
multiple feedings can be a source of error for identifica-
tion of the people bitten (i.e. host fingerprinting, espe-
cially with meals from > 2 people) but not for estimates
of the biting frequency (i.e. number of different people
bitten). Determination of mosquito biting frequency is
crucial to achieve a correct understanding of mosquito-
borne transmission dynamics [49]. Indeed, vector den-
sity alone (on which a good deal of research primarily
focuses) cannot predict epidemic risk, as even low mos-
quito population levels might drive disease transmis-
sion through high multiple feeding rates. An integrative
approach incorporating biting rates is thus needed for
implementing efficient surveillance and control activities
of disease-carrying mosquitoes.

Conclusions
We provide a new, inexpensive and straightforward
genotyping protocol that allows fast and reliable screen-
ing of both host and vector species simultaneously. It is
intended to serve as a basis for future genetic epidemio-
logical studies aimed at deeper insights into mosquito-
human interactions and vector-borne disease ecology,
with the ultimate goal of improving evaluation of epide-
miologic risk as well as security and surveillance meas-
ures against mosquito-borne pathogens. The genotyping
system we propose can also be further adapted to other
vector species living in close contact with humans.
Additionally, our study suggests that lysis buffer per-
forms better than absolute ethanol for preserving Ae.
albopictus blood meals. The results also show that it is
possible to obtain complete human DNA profiles up to
48 h post-feeding in mosquito blood meals. Finally, our
multiple feeding analysis confirms that STR peak heights
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are tightly linked to post-feeding time and can be used
to derive the number of different people bitten by a
mosquito.

Abbreviations

ANOVA  Analysis of variance

PBS Phosphate buffered saline
PCoA Principal Coordinates Analysis
PHs Peak heights

STRs Short tandem repeats
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