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ABSTRACT: Previous postmortem microbiome studlesve focused orharacterizingaxa
turnover during_an undisturbed decomposition praddes coexisting conditionge.g., frozen,
buried, burnedpffect thehumanmicrobiome at the time of discovery less well understood
Microbiome_datawere collected from two pediatricases atthe Wayne County Medical
Examiner‘in“Michigan. The bodies weimind frozen hiddenin afreezerfor an extended time
Microbial €ommunities were sampled from six external anatomic locations at threpoiime
during the theving process prior to autopsy. The 16S rRNA V4 gene amplicon region was
sequencegd usingighthroughput sequenan(llilumina MiSeq) Microbial diversity increased
and here was~alistinct shift in microbial communitystructure and abundance throughout the
thawing process. Overall, these data demonstrate thatptdstmortemhuman microbiome
changes during the thawipgocess, and have important forensic implications wigghes have
been substantially alterechodifiedand concealedfter death

KEYWORDS: forensic science, forensic pathologgstmortenmicrobiome, pediatrics, frozen,

concealment

A method“teaccurately estimat¢he postmorteminterval (PMI) is sought after inforensic
sciencesDocumentation othe circumstances at the time of death (e.g., eyewitness reports or
admissions of a crima$ currentlythe most accurate way to establisRMI. In casesvhere this
information_is. unavailable forensic scientists must usavailable decomposition metrics
associated with the bodg.@.,physiochemical changeslividity ) or other biological indicators
(e.g.,entomelogy, botany)o inform the PMI estimat Sometimes bodies are concealedy.,

after a homicide) in a variety of ways such asclandestineburial, concrete interment or
placement in a freeze€oncealmentncreaseshe amount of timea bodygoesundetectedand

alters the environment of thelecomposition processthe effects of concealmenon
decompositiorcan potentially skew oartifactudly elongate the PMI estimai@). The PMI in
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circumstances in which body is discovered after logrm concealmenbr otherwise altered
is one of the manghallenges to thrensic pathologigberformingthe autopsy.

A rapidly advancing field in forensics is the proposed use optisémortem microbiomasan
additionalbielegical indicator of time and/or circumstanadsieath(2-4). While several studies
have documented shifts in microbial community structteoh composition and abundance)
from various'locations and organs of a body during the decomposition process(fB)ess is
understood ef‘how its previous condition (e.g., frozen, buried, burned) affects the micrabiome
the time of discoveryNo study tedate has characterized the microbial commuctignges as a
frozen body thaws before autopshhe presentstudy reportswo unusualpediatric casesin
which the“bodiesvere foundsubstantially alteredue tolongterm freezing and concealment,
one for 22 months and the other for 31 months. Given the deapbsthortem microbiome
studiesconducted during routindeath investigationthese datgrovide additional insightnto
the complexities associated with using microbiome information in one of a wiggyvafideath

circumstances:

Methods

Case Reports

The bodies'of'® yearold male anda 13 yeaiold female(half siblings)were discoveretiidden

in a chest'freezer in a residential locatiorthe spring of 2015; botbhildren were homicide
victims whose Injuries consisted mainly wiultiple blunt force traumanflicted by their36 year

old mother After. arrival to the Wayn€ounty MedicalExaminer(Ml), still in the chest freezer

the bodies were removed fromaihd individually placed on a clean sheet on separate gurneys.
The lodies wereplacedon either side of &eilingair-conditioning vet in the autopsy suite
separated.by"380 cmandallowed tocompletelythaw (approximately 48 hprior to autopsy
During the“thawing process, each body was covered with a clean sheet damped witdwate
libitumto preventrapid drying especially of the extremitigsmummification) A routine autopsy

with documentation of injuries waonductedn each case after thawing was compléteboth
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cases, the brain was fixed for 3 weeks before cutting, and routine histologic samples were taken,
as well as for the other major organs.

Microbial Sample Collections

Microbial samples werasepticallycollectedusing DNA-Free (sterile) cottotipped swabs at
three time“points during the thawing process: when completely fraaénmmediately after
extraction*from the freezepartially thawedca. 24 h posdiscovery), and when fully thawed
(ca. 48 h posdiscovery) for autopsy. The microbial communities were sampled from six
external apatemic locations at each time pedodng the thawingthe external auditory canal,
eyes, nares, smouth, umbilicus, and rectuBamples were stored aR0°C until further

processing.

16S rRNA . @neAmpliconDNA Extraction,Sequencing andnialysis

DNA extractiors wereperformed on individual swabs usiRgreLink® Genomic DNA Mini Kis
(Thermo kishe6cientific) according to the manufacturer’s protocol with the following addition:

15 mg/mksof lysozyme was added during the lysis step for readtftmQuantiT dsDNA HS

Assay kit and a Qubit 2.0Thermo Fisher Scientificjvere used forDNA quantification All

DNA productswere stored aR0°C. Illumina MiSeq 16S library construction (2 x 250 bp
paired-endsreads) and sequencings performedat the Michigan State University Genomics
Core Facilitysusing a modified version of the protocol adapted for the IllumiSaq (10). The

V4 region of the 16 rRNA gene was amplifie with regionspecific primers(11-13) The
sequence, output was demultiplexed and converted to FastQ files with Bcl2fastq Somver
Software v1.8.4 (lumina). Raw fastq files were assembled, quafitiered, and analyzed using

the default settings in QIIME versidn8.0 (14) After quality control, the remaining higgpuality
sequencesswere binned into operational taxonomic units (OTUs) at a 97% sequence similarity
cutoff usingrUCLUST(15). The resulting assembled sequence reads were classified into OTUs
on the basis of sequence similarity. The higlyestity sequences from each OTU cluster were
taxonomically assigned using the RDP classi{ig6) and identified using BLAST against
reference sequences from the May 2013 Greengenes 97% reference dataset
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(http://greengenes.secondgenome.com) (17-18¢ representative sequences of all OTUs were
then aligned to the Greengenes reference alignment using PyRI&Z$TSngleton OTUs and
any remaining low abundance OTU’s making up <0.0005% of reads in the total deteset
removed as recommended for lllumina generated daé). Not all sampleshowever returned

the same number of sequences, and samptes rarefied tdl,000 sequence®r subsequent
analysego,remove the effect of sample size bias on community composition; there were no
microbial fibraries containing fewer than 1,000 sequentesexamine the mean, standard
deviation "and“coefficient of variationf microbial communities estimates of a-diversity
(observed richness and Faith’s Phylogenetic Distance)l &ithpson Index (DYiversity were
calculatedbased on metrics determinéad QIIME (21). For data visualizatiorof microbial
community=structure, genus level taxonomic data vireported intoKrona (22).Additionally,
heatmap were constructed using the pheatmap package 1.0.2; htp://cran.r-
project.org/web/packages/pheatmap/index.html)R (23) to visually inspectthe temporal
variation throughout the thaw procegdl sequencing data filewere madeavailableto the
EuropeangsNucleotide Arche database as part study humbePRJIEB15129nder accession
numbers ERS1291061 through ERS1291096
(http://mvww.ebi.ac.uk/ena/data/view/PRJIEB15132).

Results

The 9-yearoldymale was wrapped in a polychromatic bed comforter; his estimated frozen
interval wass=approximately 31 months. He was 145 cm long and weighed 3 h@dygmass

index BMI) was 18. The l¥earold female was loosely wrapped in a black plastic dad
yellow plastic band with a black cloth wrapped around the neck; her estimatea interval

was approximately 22 months. She was 160 cm long and weighed 46.3 kg; BMI was also 18.
Both suffered extensive blunt force, mainly to the head, and both had prominent swelling of the
brain; this.was the cause of death. The 9 -wédhmale also had thermal burns, mainly on the
abdomen, "huttocks and genitalidhe height difference between the siblings wady
approximately 10%, and there was an 8.6 kg difference in their weights. Hence, their body
habitus was very similar, were clearly malnourished, and thawed sufficiently da datopsy
within the same timénterval There was remarkably good histologic preservation of the brain,
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heart, lungs, pancreas aiieel; the kidneys had moderate tubular autolysis. The most significant
finding was freezing artifacts in all the tissues (Figyre the outline of ice crystals in tissue due

to expansion of water during the initial freezing process.

A total of 1,261,94435,054+ 24,900: range 1,417 77,254)16S rRNA ampliconsequences

were detectednd characterizegrior to normalizing thedatabase (singletons remoyediative
abundance <0:0005% removal, and rareficatmrequal coveragef 1000 readsTable S}.

During the"thawng processthere wasan observeihcrease irOTU richness and diversitgs the
bodies thawedFigure 2) Specifically, a26.4%increase obbservedaxawas detecte@s the
bodies thawedyfrom frozen (76#51.0 to partially thawed (87.9 + 58.9)p thawed (103.8 *
47.8). Themean (x standard deviation) Simpson diversity indexnonstratedhe greatest
overallincreaseof 32.3% from frozen to thaw: 0.519 + 0.294 (frozen) to 0.564 + 0.330 (partially
thawed) to 0.768 = 0.173 (thawedhaith’s phylogenetic diversity metrincreased byl9.9%as

thaw occurred: 6.76& 3.68 (frozen) to 7.27 = 4.3@partially thawed) to 8.44 + 3.8&hawed).

While thesmeost prevalent increase in microbial diversity during the thawing proEss
documentedniithe nares, eyes and rectum; buccal samples had the lugbedtmean observed

taxa, Simpson diversitfl-D) and Faith’s phylogenetic diversity amotige different anatomical
microbial.eommunitiegFigure 2) The microbial communities of thears, eyes, nares, and
buccal cavity all increased in observed OTUs from the frozen to the thawed status and the
umbilicus ‘plateaued in richness after the first 24 h of thaw (partial), while the rectum was the
only sample“area to have a decrease thigtime period Further, the coefficientf variationfor

all metricss(@among body sitesylecreased as bodies thawgbable S2) suggesting lower
variability in the microbiomes among body sites with thaw.

Therewere also changda microbial community composition throughout the thawing process
(Figure 3. Actinobacteria, Fusobacteria and Gammaproteobacteria increased by 68.2nd9.3,
49.5% respectively,as the bodies thawed, while Firmicutes deceased by 18.3% and
Bacteriodetes, remained constaltring the thawing procesét the familial taxonomic level,

there were six families with discernable trends of increasing relative abundance as the bodies
transitioned from frozen to thawCorynebacteriaceae (79.7%), Fusobacteriaceae (46.8%),
Pasteurellagae (73.2%), Pseudomonadaceae (54.5%), and [Tissierellaceae] (59.7%). Two other
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predominate families, however, demonstrated a decrease in relative abundance over the thawing

period:Prevotellaceae (38.2%) and Staphylococcaceae (33.7%).

Patterns of microlal taxon turnover during the thawg process were also documentedl
heatmap (Figure 4) illustrated the genera level Ofilsover, andshowed unique profiles of
taxon frequencies across the thawing process. Specificdly, relative abundance of
Corynebaterium Haemophilus, FusobacteriyrandStreptococcugcreased by 79.7%, 75.0%,
46.8%, and“31.0%, respectively, from frozen to thawed, while the relative abundance of
Staphylococcusdecreased 33.3% from frozen to thawddactobacillus became nearly
undetectableat, the partially thawed and thawed sampling times (98.3% decrea3dje
microbiomes of each sampling amgare also represented by unique profiles of genera during the
thawing process (Figure Sllorty-seven OTUsof several phia matched a identifiable
bacterial species (Actinobacteriggspecies; BacteroidetesS=species; Firmicutes = 20 species;
Proteobacteria 9 species; Spirochaetes2=species; Verrucomicrobia £ species;Table S3,
including seme’ pathogenic genethat were detected at temporally distinct times during the
thawing process for each body. The buccal cavity had the highest species occurrence throughout
the thawing, process; on averatpere werel2 species in the buccal cavity while theseand

nares had-an average of segpeciestherectum withsix speciesand theeyes and umbilicus

represented biffve species.

Discussion

Thesedata demonstrate that tpestmortemhuman microbiome changes during the thawing of
frozenindividuals, in this caseplacedin a chest freezeaind concealed for multiple yearBhe

study alsoprovides unique microbiome data that may be useful éstimatinglongterm
postmortemntervak that result from concealing a body in ways that slow or limit decomposition
and subsguent microbial activityWe acknowledge that the low sample s{pe= 2 bodies)
prevents robust statistical analy$es there are not many cases like ;ttisgis, we have reported
descriptive characteristiés the microbialcommunitiesas the bodies have thawdde thawing

time of the bodies was approximately 48 h after discovery. Due to the body composition and
malnourishmentwith similar BMIs they thawed and proceeded to decompose at approximately
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the same rate Both cases suffered multiple blutrauma, especially to the head, and both had
swelling of the brain as the mechanism of death. In spite of the difference inekardevhich

the bodies were frozen, both were remarkably similar grossly and microscgpacellwere in

good condition,_ including good histologic preservation. This means that they were frozen not
long after death occurreBecause freezing essentially halted all postmortem changes, there is no
alternative,to_knowing the dates in which the incident occurred to know whdrodmes were

frozen.

There are several technical aspects to these case studies that may have some influence on the
composition ef,the microbiomes throughout tivayy such as the microbial composition of the

home where the freezer was found and the environment where autopsigeeremnmed.Yet,

given these realorld circumstancethe greatesiamount of care and effort were taken to reduce
potential crosEontaminatia during the thawing period\ clean sheet was placed on the gurney
before each body was placed on it, and a second clean sheet was used to cover the body, only
dampeningmitssufficiently to prevenlesiccationof tissues, especially the extremities of thes

very thin ‘individuals If the bodieshad remained within a closed body bag to thaw the
condensation would be significamtccumulating water within the babat would have created

other sites*forbacterial growth and affecting the composition of thacterial communities

therein. Freezing itself and the generation of ice crystals may also have had an effecttalse crys
were present in all the tissues seen microscopically. Ice cogstplincture cell membrasand

form tissuerclefts through whichabterial transmigration may occur easily, especially from the
bowel. Sincesthe extremities have a smaller mass than the trunk, and thawed faster, it is likely the
temperature differential between the two affected the growth and compositiorctefidda
communities.Secondly, the bodies were not plackaectly under flowingair, since this would
haverapidly.mummified the extremities and head; they were adjacent to a source of flowing air

to ensure continuous airflow around the bodidse sheets that cowet the bodies also allowed

some contrel’of evaporation without promoting condensation.
The overall trend was for theionobial richness and diversitp increaseas thebodies thawed.

This results fromanincreased temperature2(°C in a chest freezéo ambient temgraturg as
the bodies werallowed to thawbefore theautopsy.Microbial activity and growthfor most
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human associated commensal and pathogenic microbial speciebelasreezing (6C) (24,

25). Thus,the observed increase liichness and diversitgs thaving occurrednitially resulted

from the proliferation of existingnicrobial communitieson the bodyonce theysurpassedheir

lower growth temperature thresholthese trends in increased microbial richness and diversity
weretypically.documentedcross the individual sampling areas on the b®tg. buccal cavity
samplesoverall’had the greatest richness and diversity among all body areas, which could result
from an‘increased aarhortem microbiad. Individuals with periodontalisease(s) have increased

and differential"abundance of microbial taxa present thardismasedndividuals(26, 27) Only

one sample area, the rectum, had a decreasing trend in microbial richness and diversity metrics
but this doesmet mean that the concentration of bacteria also decreased} matviesbly means

that some“bacterial populations are prevailing over others since the bacterial content of tissue
increases with the rise in body temperature as decomposition progresses. Since the rectum also
more closely reflects bowel bacterial communities, this may also be a function of nutritional
status at the time of deathurther, thedecreasingoefficient of variation for all metricsuggests

the microbial*=eommunitiegn both bodes were becoming more stabteer time, even though

more taxa were detected as a result of the warming to room temperature for.autopsy

There were strong temporahifts in microbial community structure as the bodies progressed
from frozen to theved Sincethese microbial community changes were detected from each
anatomical_sampling area,implies that multipleareasof a body shoulde sampld in future
cases. However, there was variability in the specific taxactitged during the thaw process
for each anatomical areahich probably resultedrom the existing antenortem communities
and the variability of individual taxoiife history traits (e.g., growth rateMembersof the
Proteobacterialmost doubled in relative abundance after 48 h of thavie the other major
phyla (e.g.,Eitmicuteg decrease in relative abundance by offié&h during the samehawing
period. This_shift in microbial taxa has been previously reported in a stbdgacterizingskin
microbiomeschanges during the winter adorated human bodiesdecomposingwithin a
controlled research environment (e.g., anthropological faci(®g). The smilarity of these
resultsmay occurfrom similar treatment of the bodies prior to sampling, specifichiiy the
bodies were frozen for substantial periods of tifRarther,of the severalpotential bacterial
pathogens detected during the thawing prod¢ksse were differential times durig the thaw
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process in which the speci@gere identified. For example,Haemophilus influenzaand H.
parainfluenzaavere detected in the neturing the frozen and partial sampling periods wHile
parainfluenzaewas only detected during thaw for the female while the opportunistic
pathogengrevotella melaninogenicand Rothia dentocariosghat arecommonly located in the
oral cavity (29-32) were detected across all sampling periods for both bodibsse results
indicate that the time in which sampling occaf$ects the microbial commuty taxa and
abundancend would change further had the sampling continued for a longer intS8orak
species neverappeared at all, sucksatherichiacoli in the male, and rarely in the female; the
converse happened with some of the Bacterdibes The latter are common bowel inhabitants
(33). Whethepthe process of fraag inhibited the growth of any or apecies, or they were not
present in‘usual concentrations because of nutritional status, or some camloh#ie two will

have to baleterminedn the future.

Conclusion

The results presentdtere contribute a unique data set to the gtod the postmortemhuman
microbiome,_Pecifically, partnering with a medical examiner allowed the opportunity to
characterize microbial communities associated with two unusual deaths that involvéerhong
conceament via freezing, with substantial altering of the microbiome profiles anuigekan
their communities during the thawing proceSsice the bodies were completely frozen at the
time of discovery, data also represent new microbiome profiles for twonfrbadies with
estimated pestmortemtervals that ranged from 221 monthsThese data highlight the inherent
variabilityin circumstances of death where the collected microbiome evidence may be complex
in terms of analyses and interpretation, becauseobiadrcommunities likely change when the
cadaver has been moved or preserved for concealrhient. physical changesuch as freezing
affect the_microbiome are also not well definedthe existing literature Additional data
collected during death inveégation are needed to fully understand the variability in the human

postmortemrmicrobiome and its potential utility in forensic science.
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Figure Legends

FIG. 1—Evidence of freezingrtifacts in the brain (A, B) and heart (C, D) tissues. Freezing
caused clear.spaces form chains of pseudobubbles in the brain, while it also caused cleavage of

tissue planes. in heart.

FIG. 2—Diversity metric estimates of the postmortem microbiomeseabadtiies thawed over a

ca. 48 h period. (A) Mean (£SEM) observed species (OTU) richness estimate, mean (zSEM)
Simpson diversity estimate, and the mean (¥SEM) Faith’s phylogenetic divetsitatesper
sample at'each collection time. (B) The mean (xSEM@rdity metric estimates, as previously
discussed for panel A, were also calculated for each sampling area on the bodies as the thawing

process occurred: ears (ER), nares (N), buccal (B), eyes (EY), rectum (R), and umbilicus (U).

FIG. 3—Kronar plot visualting the taxonomic hierarchies of the 16S rRNA gene amplicon
analysis performed with QIIME throughout the thawing process. The inner ring represents t
different"phyla associated with the bodies, and as the plot progresses outwards, there is an
increasingtaxonomic resolution for each ring (i.e., class, order, family and genus respectively).
Sequences have been filtered to remove Archaea and only represent those OTUs with relative

abundance greater than 0.1% are reported.

FIG. 4—Heatmap of the genus lev@llUs. Dendrogram linkages and distance of the OTUs are

not phylogenetic, but based upon the mean read numbers of the OTUs within each samples.
Scale shown in_upper right corner of the figure represent colors in heat map assoctatédtewi
relative abundace in percentage byscore of microbes (cluster of variables iraXis) within

each thawing period (X-axis). For full legend of genera see Table S3.
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