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Abstract

Insects have long played a role in forensic investigations and can be used to esti-
mate minimum time since death, corpse translocation, and link an individual to a crime
scene. Bed bugs (Cimex lectularius) are wingless ectoparasitic insects of potential fo-
rensic utility, given that all mobile life stages feed on vertebrate blood. Successful
profiling of autosomal short tandem repeats (STRs) from human DNA isolated from
bed bugs has been previously reported. This proof-of-concept study looked to expand
this work and determine any possible limitations of using bed bugs for both rapid stain
identification (RSID™) for human blood and Y-STR profiling. To achieve this, bed bugs
were fed either human male only or human pooled (female:male) blood for 30 min and
subsequently collected at 12-h intervals up to 108 h post-blood meal (PBM). RSID™
blood testing was successful from the bed bug carcass remaining after DNA isolation,
regardless of blood meal type and time of collection PBM. Complete Y-STR profiles
were generated from bed bugs <60h PBM. As the time PBM increased, DNA quantity
decreased, while the degradation index increased. Collection of bed bugs at a crime
scene could provide a valuable source of human blood for Y STR profiling and be used
to link an individual to a crime scene or for potential male suspect exclusion. Future
studies should look to replicate the results of this proof-of-concept study with larger

numbers of bed bugs, more diverse blood donors, and additional STR profiling kits.
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Highlights

e Bed bugs feed on human blood and therefore they could be valuable for DNA profiling.

e Confirmatory blood testing was successful for all samples.

o Complete Y-STR profiles were obtained from bed bugs up to 60h post-blood meal regarless
of blood meal composition.

e Bed bugs represent a largely untapped source of human DNA for forensic casework.
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1 | INTRODUCTION

The bed bug, Cimex lectularius L., is one of the most widely dis-
seminated household insect species worldwide. They are typically
found in clusters within residential settings and are easily dis-
persed by people and can infest locations quickly [1]. Bed bugs are
adapted to feed on humans to obtain blood, but they accept other
hosts and were identified as an increasing threat to the U.S. poul-
try industry in 2011 [2, 3]. Unlike most hematophagous insects,
all mobile stages of bed bugs (nymphs and adults) and both sexes
feed exclusively on blood. Bed bug nymphs require a bloodmeal to
grow and molt to the next stage (next instar or adult), thus feed-
ing on humans approximately every 3-7days [4]. Adults require
a blood meal to reproduce (egg production in females and sperm
production in males) [4]. If undisturbed, bed bugs will fully engorge
on a single host, but they may feed on multiple human hosts in the
same location if disturbed during feeding [1, 5]. Passive, human-
mediated dispersal is the most significant way bed bugs spread to
a new location, transported in clothes, on shoes or in used furni-
ture. People can also transport bed bugs when they travel by cars,
trains, ships, or airplanes [1, 6].

Since 2004, the resurgence of bed bugs in the U.S. has caught
the attention of forensic investigators, given that human blood in
the gut of a bed bug could be utilized to identify the bed bug host(s)
[6]. Further, bed bugs could be used in a criminal investigation to
connect a human host to a specific location [7]. Unlike mosquitoes
that can fly tens to hundreds of meters between bloodmeals, bed
bugs remain in the vicinity of the host after feeding on its host [1, 8].
Thus, the human blood acquired from bed bugs could be used to link
a potential victim or suspect to a crime scene.

The use of blood meals recovered from insect guts as a source
of human DNA has been documented. A number of studies have
successfully isolated, amplified, and genotyped human mitochon-
drial DNA (mtDNA) from blood-feeding insects by using polymerase
chain reaction (PCR) techniques and sequencing mtDNA hypervari-
able region markers. These insects include the human crab louse
(Phthirus pubis) [9], bed bugs (C. lectularius), [7] and mosquitoes
(Aedes aegypti) [10]. Additional research has also shown that human
nuclear DNA (nuDNA) can be successfully isolated and complete
autosomal STR profiles generated from bed bugs (C. lectularius) col-
lected 72h after ingesting a human male or a pooled (female:male)
blood meal [11]. Notably, DNA did degrade over time resulting in the
loss of primarily larger autosomal STR loci with longer times post-
blood meal (PBM) [11]. Nuclear DNA profiling of human blood meals
from mosquitoes [12-19], tropical bed bugs (Cimex hemipterus) [20,
21], and leeches [22] has also been tested, with the majority of these
studies reporting full autosomal short tandem repeat (STR) profiles
up to 24h PBM.

While earlier research has demonstrated the ability to extract
human mtDNA and nuDNA from the blood meals of insects in-
cluding bed bugs, there is no research assessing whether human
male DNA can be profiled from a bed bug fed on only human male
or a pooled (female:male) blood meal. The use of STRs from the
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Y-chromosome (herein referred to as Y-STRs) in forensic investi-
gations has been increasing [23-28] and is especially important in
rape, paternity, missing persons, and immigration cases. Given the
Y-chromosome is a single haplotype in most cases, only a single
allele will be present for each Y-STR locus [29, 30]. Furthermore,
Y-STRs also confer an advantage when testing samples that have
female and male DNA contributors [30]. In such scenarios, Y-STR
analysis will completely disregard the female portion of the DNA,
which is most common in rape cases where female DNA is the
major contributor [23, 28, 30].

This study aimed to assess (a) whether bed bugs could be used
for human blood identification and human Y-STR profiling and (b)
the limits for detecting a full Y-STR profile for downstream analysis
up to 108h PBM.

2 | MATERIALS AND METHODS
2.1 | Human blood feeding to bed bugs

Bed bug (C. lectularius) colonies were maintained at North Carolina
State University's Entomology laboratories (NCSU-EL) in an incu-
bator at 27°C, ~50% relative humidity, and 12:12-h light:dark, as
explained in Schal et al. [11]. Bed bugs were fed and collected at
NCSU-EL, as discussed in previous publications [31]. Bed bugs
(n=190), in two different containers, were fed human defibrinated
only male human blood (n=100; Bioreclamation IVT, New York,
NY) or pooled (1 female:1 male, vol:vol; Bioreclamation IVT) blood
(n=90). Bed bugs were given 30 min to feed and then collected at
12-h intervals PBM up to 108 h PBM. A total of 10 bed bugs were
collected at each time interval and placed into individual 2.0-mL
labeled Eppendorf tubes, containing 95% ethanol and stored at
-80°C. The volume of blood consumed by a fully engorged adult
male bed bug in the artificial feeding system was 3.92+0.21 L (as
determined gravimetrically) [32]. The frozen bed bugs were trans-
ported on dry ice to Fayetteville State University's (FSU) Forensic
Science Laboratory and stored at -80°C until further testing. The
Institutional Review Board (IRB) proposal for this study was ap-
proved by the FSU Human Rights in Research Committee (IRB #
2013-P-0039).

2.2 | Isolation and identification of human blood
from bed bugs

Prior to DNA isolation, ethanol was removed, and the bed bugs were
washed three times with 500 L of distilled water. The presence of
human blood in the bed bugs was assessed using the Rapid Stain
Identification of Human Blood (RSID™- Blood) Kit (Independent
Forensics, Hillside, IL). This kit has been validated as human blood
specific (i.e., no cross reactivity with animal blood) can be used with
as little as 1pL of human blood [33, 34]. After the bed bugs were
thoroughly cleaned, 10pL of Rapid Stain Identification (RSID™)
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(Independent Forensics) kit universal buffer was added to the tube. A
clean probe was used to homogenize the bed bugs. Eppendorf tubes
containing the blood and cuticle were centrifuged at 13,000 rpm for
5min. Bed bugs tissues, including the cuticle, were packed at the
bottom of the tubes post-centrifugation. The supernatant including
the blood was carefully removed from the pellet using a 20pL pi-
pette and transferred onto a labeled Flinders Technology Associates
(FTA) micro card (GE Healthcare Bio-Sciences Corp., Piscataway,
NJ). This process (addition of 10uL buffer, homogenization, cen-
trifugation, and recovery of the supernatant onto the FTA card) was
repeated two more times for each bed bug sample to complete the
transfer of the entire volume of supernatant. The FTA card was then
placed inside a sterile hood in the dark to air dry at room tempera-
ture overnight.

An additional 100 uL of RSID™ universal buffer was added to
the remaining tissues and exoskeleton (pellet) in the Eppendorf
tube and thoroughly vortexed, centrifuged, and incubated at
room temperature for 1h (vortexing after every 10min). The en-
tire 100 pL in the tube was subsequently pipetted into the RSID™
sample well cassette for Human Blood Identification. Samples
were left to diffuse into the RSID™ cassette for 10 min. While the
strength of the test line in immunoassays is not generally consid-
ered to be reflective of the amount of blood in a sample, a signal
intensity rating between 0 and 5 was scored for each sample (0O
indicating a negative reaction and 5 indicating a strong positive
reaction). In addition to the intrinsic negative and positive con-
trol lines present in each test cassette to examine test efficacy, a
negative and a positive control were processed alongside the test
samples to ensure that the kit worked properly. Starved bed bugs
not fed either on human blood or on non-human blood served as a
negative control; the RSID blood test results were negative, con-

firming human blood was undetected.

2.3 | Isolation of DNA and human DNA
quantitation

A minimum of two bed bugs collected from each time interval PBM
that fed on either human male only blood or human pooled blood
were carried forward for DNA isolation. The DNA isolation of total
genomic DNA from dried blood FTA-stained cards and quantita-
tion of human as well as human male DNA was determined as de-
scribed in Schal et al. [11]. Briefly, this involved using approximately
a quarter of the dried blood FTA-stained card as input into a phenol:
chloroform: isoamyl alcohol (25:24:1; PCIA) DNA isolation. DNA was
concentrated to 15puL using Amicon® Ultra-4 Centrifugal Filtration
technique (Millipore, Billerica, MA). Human male-specific DNA con-
centration was measured in duplicate using 7500 Real-Time PCR
(Thermo Fisher Scientific) in conjunction with the Quantifiler®
Human DNA Duo Quantitation Kit (Applied Biosystems, Foster
City, CA) [11]. To assess the level of DNA degradation, DNA isolated
from selected bed bugs was further quantified in duplicate using the
Quantifiler® Trio DNA Quantification Kit (Applied Biosystems) on a

QuantStudio 5 Real-Time PCR System (Applied Biosystems) as fol-
lows: a single representative from each 12-h interval PBM collection
for both only human male blood (0-108h PBM; n=10) and human
pooled blood (0-96 h PBM; n=9). Degradation index (DI) results pro-
vided from the Quantifiler® Trio DNA Quantification Kit were inter-
preted as per the manufacturer's recommendations: DI <1 typically
indicates that DNA is not degraded; DI 1 to 10 typically indicates
that DNA is slightly to moderately degraded; and DI >10 (or blank)
typically indicates that DNA is significantly degraded [35].

2.4 | Human male Y-STR amplification

PCR amplification reactions for all DNA samples were prepared
according to the manufacturer's recommended protocol using
the AmpFLSTR™ Yfiler™ PCR Amplification Kit (Thermo Fisher
Scientific; [23]). The DNA template input was 1ng in a final 25uL
PCR. Thermal cycling was completed using a 96-well GeneAmp®
PCR System 9700 (Bio-Rad, Hercules, CA) following the manufac-
turer's instructions. Negative (distilled water) and positive (007 and
9947A; Thermo Fisher Scientific) controls were amplified alongside
bed bug DNA samples.

2.5 | Human male Y-chromosome-specific STR
profiling

All amplified samples were separated by electrophoretic capillary
action by the ABI PRISM® 310 Genetic Analyzer (Thermo Fisher
Scientific). ABI 310 sample preparation included 24.5uL of Hi-Di™
Formamide (Thermo Fisher Scientific), 0.5uL of GeneScan™ 500
LIZ® Size Standard (Thermo Fisher Scientific), and 1uL of PCR am-
plified product or AmpFLSTR™ Yfiler™ Allelic Ladder (Thermo Fisher
Scientific). The reaction tubes were heated at 95°C for 3min for a
denaturation step and immediately frozen at -20°C for 3min, and
then, the amplified samples were loaded onto the genetic analyzer.
The samples were separated using a 47cmx50um capillary tube
(Thermo Fisher Scientific). Amplified products were electrokineti-
cally injected for 5s and fractionated on an ABI Prism 310 Genetic
Analyzer using POP-4® Polymer (Thermo Fisher Scientific). All sam-
ples were analyzed using GeneMapper ID® v 3.2.1 (Thermo Fisher
Scientific), and an analytical threshold of 100 relative fluorescence
units (RFU) was used for all dyes.

2.6 | Statistical analyses

Raw DNA quantification data along with the output from
GeneMapper ID v 3.2.1 (i.e., genotyped alleles and associated peak
heights in RFU) were imported into Microsoft Excel (Microsoft,
Redmond, WA, USA). Calculations included average DNA yields, al-
lele peak heights and percentage of correct allele calls, and Pearson
correlation analyses.
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3 | RESULTS AND DISCUSSION
3.1 | Confirmation of human blood from bed bugs

To establish the presence of human blood in bed bugs, RSID™ blood
testing was conducted. This kit has been validated to only give a pos-
itive result with human blood; no cross-reactivity has been reported
when testing with other human bodily fluids (e.g., saliva, semen,
breast milk, amniotic fluid, vaginal fluid or urine) or blood from other
species (ferret, skunk, opossum, dog, cat, cow, pig, chicken, owl,
horse, goat, turtle, elk, deer, tiger, alpaca, orangutan, gorilla, spider
monkey, bonobo, and baboon) [33, 34]. Human-specific blood was
identified from bed bugs fed human male only blood (intensity rang-
ing from 4.33 to 0.5) at 0-108 h PBM (Table 1). Additionally, human-
specific blood was detected from bed bugs fed human pooled blood
(intensity ranging from 4.5 to 1) at 0-96h PBM (Table 1). The in-
tensity of the RSID™ blood assay decreased with time PBM, with
a negative correlation between intensity of the RSID™ blood assay
and time PBM for both bed bug cohorts (r=-0.82 and -0.69; fed
human male only and human pooled blood, respectively). Notably,
these results also demonstrate that confirmatory RSID™ blood test-
ing can be successful using only the trace amounts of human blood
remaining on previously extracted bed bug tissues and exoskeleton.

3.2 | DNA quantitation from bed bugs

The total human male-specific DNA vyield from bed bugs fed solely
on human male blood ranged from below the limit of detection for
the assay (i.e., 23pg/pL) up to 5.43ng (Table 1). The total human
male-specific DNA recovered from bed bugs fed on pooled (female:
male) blood was lower than for bed bugs fed male only blood; ranged
from below the limit of detection for the assay to 3.02ng (Table 1).
For both bed bug cohorts, the highest human male DNA was re-
covered from bed bugs collected 12h PBM. This is consistent with
our preliminary observations that cell lysis is initiated shortly after
the blood is ingested (Wiles and Schal, personal observations), which
would facilitate DNA isolation from leukocytes. Given the suggested
DNA quantity input for AmpFLSTR™ Yfiler™ PCR Amplification Kit
is 1ng (with a maximum DNA input volume of 10pL), only bed bugs
collected up to 60h PBM for male only fed and 36h PBM pooled
fed bed bugs had the optimal DNA input for amplification (Table 1).
Strategies commonly employed to further concentrate DNA (e.g.,
drying down via SpeedVac or bead purification) still would not per-
mit optimal DNA input for all samples, given the overall low yields
per bed bug (Table 1). However, higher DNA yields might be obtained
when using a more efficient DNA isolation method, such as a bead
beating grinder and lysis instrument. Overall, our DNA Yyields are
consistent with preliminary observations that lysis of erythrocytes,
and likely leukocyte lysis as well, is almost complete at 72h PBM and
hemoglobin concentrations in the bed bug plummet between 24 and
72h PBM, suggesting extensive degradation of DNA as well (Wiles
and Schal, preliminary observations).
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3.3 | Human male Y-chromosome-specific STR
profiling

Profiling of Y-STRs from DNA isolated from bed bugs collected up to
108 h PBM was successful, establishing that adequate intact human
male-specific DNA can be isolated, amplified, and profiled from a
single bed bug. Human male-specific Y-STR profiles from each bed
bug sample were evaluated against the human male reference blood
DNA Y-STR profile to assess whether complete and/or partial match
or no profile was recovered at 12-h intervals from O to 108 h PBM.
Complete human Y-STR profiles were obtained from bed bugs that
were fed on either human male only blood or pooled blood until 72h
and 60h PBM, respectively (Table 1); only partial profiles were re-
covered for time points beyond. Given there is a continuous process
of cell lysis followed by digestion of cell contents PBM, it is possible
that at time points beyond 60h PBM, these processes greatly di-
minished available leukocytes for DNA isolation. Notably, full pro-
files were recovered when up to 50-fold less DNA than suggested
for amplification using AmpFLSTR™ Yfiler™ PCR Amplification was
used. For example, bed bugs fed male only human blood and col-
lected 72h PBM only had 0.02ng total DNA as input for amplifi-
cation, but a full profile was obtained (Table 1). When examining
whether allele calls were correct (i.e., DNA profile(s) generated from
a bed bug matches with the DNA profile of the reference human
blood DNA) (Supplemental Figure S1), we noted that (a) >80% of
calls were correct for bed bugs fed single source human male only
blood and collected up to 72h PBM, (b) >70% of calls were correct
for bed bugs fed human pooled blood and collected up to 36 h PBM,
and (c) there were no incorrect allele calls. While a moderate posi-
tive correlation was observed between RSID blood testing results
and the percentage of correct allele calls for bed bugs fed male only
and pooled blood (r=0.78 and 0.60, respectively), additional experi-
ments are needed with larger samples to confirm this association.
The average PBM human DNA concentration decreased overtime
(0-108h from bed bugs fed on human male and 0-96 h from bed bugs
fed on human pooled blood) except for at 12h (Table 1). In order to
relate the quantity of recovered human DNA to Y-STR markers peak
height, we compared over time four exemplar Y-STR markers rep-
resenting short (<165bp; DYS456), medium (166-240bp; DYS391
and DYS635), and large length loci (>240bp; DYS392) (Supplemental
Figure S2); overall, a decrease in peak height was observed with
both time PBM and locus length. A side-by-side comparison of peak
heights for all Y-STR loci typed across all samples and time points
is shown in Supplemental Figure S3. The average RFU for all loci,
short length loci (<165 bp; DYS456, DYS393, Y_GATA_H4, DYS458,
DYS389l), medium length loci (166-240bp; DYS391, DYS437,
DYS19, DYS439, DYS390, DYS438, DYS635), and large length loci
(>240bp; DYS385a, DYS385b, DYS389I1, DYS448, DYS392) across
both bed bug cohorts and time PBM are shown in Table 1. When an
analytical threshold of 100 RFU was applied, both medium and large
length loci fell below the threshold for bed bugs collected after 96
or 84h PBM for male only and pooled, respectively. Notably, when a
lower analytical threshold was applied (e.g., 50 RFU), more complete

85US017 SUOWILIOD SISO 3|l jdde au) Aq peusenob ke il VO ‘8Sn J0 S8|nJ 10} ARIqITaUIIUQ AB]IM UO (SUOTHPUOD-PUE-SWBIALIY" A8 | 1M AReq1 Ul |UO//SANLY) SUORIPUOD Pue SWs | U1 89S *[6202/T0/20] Uo Akeiqiauliuo A8|IM * solkeiql] AISIBAIUN S1eIS ON - YOS AdoD AQ 889ST 620v-9SST/TTTT OT/I0PALIOY A8 | imAReiquljuo//sdny Wwol pepeojumoq ‘T 'S20Z '62079SST



15564029, 2025, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/1556-4029.15638 by Coby Schal - NC State University Libraries, Wiley Online Library on [02/01/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

z
W “Buljiyoud Y1 S-A 404 Indu se pasn sem yYNQ 40 SuT [ewi3do ay3 ueys ssa) 3eys saoua(,
< "19e43%9 YNQ 8nq paq
W aAlejUasaldal 9|3uls e woly suoljedlyijdwe a3ed1jdnp uo paseq (swajsAsolg paljddy) 31y uoiediauend YNQ oL J9(ij1iauend Suisn pauiwialap syad.e) [ewosoine 34oys 03 3Uo| JO Oljed Uo paseq sajoua(,
1984e3 ojew dqQET (swaisAsolg palddy) 11y uonelpuend) ong YNQ UewnH Jajijiauend uo paseq sajoua(y
'sajedl|dal QT Suowe aSeJaAe {(Uoljoeal aAIHsod SuoUls B Sa3edIpUl G pue [pPa31d33ap Jou] dAI3e3aU B sa3edIpul O 19YyMm) G pue g usamiaq 3uljed Ajisuajul jeudis sejous(,
Jeadal wapue) 14oys ‘Y1 S :poojg 104 uoilediipuap| uiels pidey ‘., @ISY $31UN 92U2IsI0N|4 dAIIR[RI ‘N4Y {(T11/8d £7) uo1ndalap Joj Jiwi| mojaq ‘O 4noy ‘Y ‘died aseq ‘dq :suoljeinaiqqy
's3nq pag oM} UO paseq S93eJdAY 910N
|e1ied 9°0¢ 15 06 974 ecl 08¢ pdol 0T 96
|eljied 'y 4% (0174 154% 9 LT'E p€T'0-T00 0T 78
|e1ied ¥'6S 144 6ST T6€ Y67 Y4 pLT'0-€0°0 0T cL
1In4 G99 91 €ee 1€9 (074 €Tl p¥C'0-81°0 0c 09
IInd4 TL9 4974 68L €667 926 8C'T pC90-LE0 0c 8t
N4 0'0L 99S 9811 L/8T £L0CT 860 0S'T-€T'T 0¢ 9€
IIn4 0'0L €601 (444" ¥8€C ceLT .0 L2T-91C S 174
1In4 0'SL 1187 S91¢C C6€T L21T 860 ¢0'e-6¥'C o€ ct (3]ew :ajeway)
IIn4 6L 8¢ LS9 0€6T 156 91T €L°0-15°0 0c 0 T:T pajood uewny
|ellied 1274 €S SOT 85¢C ST 4 pdO1 S0 80T
|el3ed (444 S9 qS 59T 06 18T p6G°0- A0 0T 96
|ellied 8’19 GETT 8G/1 09¢ 281 99°0 p60'0-80°0 0¢ 8
IIn4 8L 951 0€C 85 (4% 06T p90°0-A01 0c [44
N4 008 082 1cer 8¢ce Ya4" 080 ¢r'1-0T1T S'€ 09
IIn4 ¥'Z8 LY9T 6981 8/€C €661 90 C6'1-LTT LT 81
N4 008 Gest cL6T vc6c 0ct1e 790 €LC-CLC L€ 9¢€
T IIn4 S9L S66 z901 G891 geet 060 Y2 e-€LT (0074 174
Mw N4 16 451" 1,402 Ssve 0c0c ¢L0 €V'6-28Y 1984 1%
" IIn4 156 14534 919 V6.1 606 68T 88'C-0€C oe 0 Ajuo sjew vewny
@ ssaua)a|dwod sjle>  (dqovz<) (dqovez (dqg91>) 120] ||V JXapul q(8nq paq/38u) Asuajul (y) 924nos [esaw poo|g
3|1yo.ad aSesany 3|3||e 3931400  120]| SuoT] -99T)190] 10| }JoYys uonepeusaq pIRIA YNQ 3ew  ,,AISY d8etany |eaw poojq-3sod
% 98eJany wnipap uewny |ejo} asuey awi} uo13||0D

(N4y) Y819y xead aselany

OF

Sulyosd Y1S-A

3uliyo4d Y1 S-A WEIISUMOP J04 poo|q uewny paj s3ng paq Jo Aji3n Y3 3uISSasse uaym solijaw Ay jo Alewwins T 379VL

FORENSIC SCIEN

JOURNAL



MEIKLEJOHN ET AL.

JOURNAL OF

Y-STR profiles were possible for longer times PBM (Table 1). These
data indicate that while the optimal time PBM for the collection of
bed bugs to yield a complete Y-STR profile is <60h, a partial profile
mostly consisting of shorter length loci can be generated 4-5days
PBM which could be valuable for male suspect exclusion.

3.4 | Degradationindex

The average DI from duplicate reactions of a single bed bug from
each time point PBM is shown in Table 1. A moderate positive cor-
relation between time PBM and DI was observed for bed bugs fed
male only and pooled blood (r=0.59 and 0.68, respectively), indicat-
ing that DNA degradation increases with time PBM. For both bed
bug cohorts, negative correlations were obtained between DI and
average peak heights based on loci length (all, short, medium, and
large), demonstrating that as DI increases, average peak heights de-
crease. A strong negative correlation was observed with time PBM
and the percentage of correct allele calls (r=-0.73 and-0.70; fed
human male only blood and human pooled blood, respectively). It
should be noted that correlation analyses using DI values were com-
pleted using data generated from only a single bed bug at each time
interval; experiments should be repeated with more bed bugs from
each blood meal type and time interval to confirm whether these
trends still hold. Additionally, when determining whether as sample
is degraded, consideration should be given to the pattern of the pro-
file (e.g., consistent peak heights across short and long loci or a “ski
slope” pattern) and the relationship between DNA input quantity
and allele peak height.

4 | CONCLUSIONS AND LIMITATIONS

This proof-of-concept study aimed to assess whether bed bugs rep-
resent a suitable source of human blood for identification and Y-STR
profiling, along with the subsequent limits for detecting a full Y-STR
profile for downstream analysis. The key takeaways are as follows:
(a) RSID™ blood testing was successful from the bed bug tissues (car-
cass including cuticle) remaining after DNA isolation, regardless of
blood meal type (human male only or pooled female: male blood)
and time of collection, (b) quantifiable male human DNA was isolated
from bed bugs that were fed on either human male only blood or
pooled blood 84 h PBM, (c) complete Y-STR profiles were generated
from bed bugs that were fed on either human male only blood or
pooled blood until 72h and 60h PBM, respectively, and (d) as the
time PBM increased, allele peak heights and RSID™ blood intensity
decreased, while the DNA DI increased. Notably, bed bugs in this
study were collected into 95% ethanol and immediately stored at
-80°C. To simulate crime scene conditions, future work should ex-
amine the impact of varied storage conditions (e.g., room tempera-
ture, paper bag storage as opposed to ethanol) on the recovery of
both autosomal and Y-STR profiles. A major caveat is that our bed
bugs were incubated at 27°C. Lower average temperatures in homes
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would slow down blood digestion and DNA degradation and extend
the PBM period of quantifiable human DNA. Future studies should
look to replicate the results of this proof-of-concept study with
larger numbers of bed bugs, more diverse blood donors, and addi-
tional STR profiling kits. Moreover, in this study we used an artificial
feeding system, defibrinated human blood, and fully fed (engorged)
bed bugs. Although blood meal sizes are similar on anti-coagulant-
treated and whole blood [36], future studies should examine bed
bugs that fed directly on humans, including bed bugs that ingested
partial blood meals. These results highlight the potential of a largely
overlooked source of human blood as well as human genomic DNA
at a crime scene, and investigators should consider collecting bed

bugs if encountered.
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