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Abstract
The presence in plasma of mitochondrial DNA (mtDNA) fragments, a proin�ammatory damage-
associated molecular pattern (DAMP), is positively associated with outcomes of multiple human
disorders. Because mtDNA comprises only a small percentage of the total DNA in plasma, qPCR is
typically employed as an analytic strategy. However, this method provides little insight into sequence
origins or other characteristics of circulating mtDNA fragments. Here we found that target bait-capture
applied to plasma mtDNA derived from severely injured patients enriched recovery by ≈ 1400-fold, thus
affording depth su�cient for NextGen sequence analysis. Our method excluded nuclear mitochondrial
insertions (NUMTs) using a stringent alignment and �ltering strategy which calls and quanti�es both
NUMT in the reference genome and polymorphic NUMTs. After enrichment, we sequenced 2,000–60,000x
mean coverage over the mtDNA genome. Normalization of mtDNA abundance to NUMT coverage
reduced batch variability. Two massively-transfused trauma patients and two non-transfused patients
displayed time-dependent increases in mtDNA DAMP coverage and decreases in the mean fragment
length, which were more pronounced in massively transfused patients. Finally, our approach enabled
detection of low-frequency heteroplasmic variants. Collectively, these �ndings suggest that our target
bait-capture, deep sequencing and attendant analytic protocols could provide unprecedented
characterization of cell-free plasma mtDNA and NUMTs.

Introduction
Several broad lines of evidence implicate mitochondrial DNA (mtDNA) damage-associated molecular
patterns (DAMPs) in the pathogenesis of multiple forms of chronic and acute illness and injury.
Observational studies in human patients show that plasma levels of mtDNA DAMPs are associated with
clinical outcomes in a wide range of disorders including cardiometabolic diseases, sepsis, ischemia-
reperfusion injury, trauma, and others1–8. The pathophysiologic involvement of mtDNA DAMPs is further
implied by studies in laboratory animal and cell culture models showing that administration of
exogenous mtDNA fragments recapitulates many aspects of disease, in part by propagating cellular
dysfunction through activation of nucleic acid receptor-mediated innate immune responses9–13.
Pharmacologic inhibition of mtDNA DAMP formation using mitochondrial-targeted DNA repair enzyme
constructs and degradation of mtDNA DAMPs with exogenous DNase1 also are protective in numerous
experimental systems mimicking key aspects of human disorders4,10,14−19.

Detection and analysis of plasma mtDNA DAMPs are critical to a comprehensive assessment of their
pathophysiologic importance and utility as biomarkers of disease. Conventional approaches employ
qPCR to quantify the presence of a few ≈ 100–200 bp mtDNA regions preselected as a proxy for the 16.5
kb expanse of the mitochondrial genome. While sensitive, qPCR can be confounded by false-positive
contributions from homologous nuclear mitochondrial (NUMTs) insertions co-amplify along with the
MtDNA DAMPs20,21. In addition, because the choice of primers and amplicon sizes22 predict that an
unknown number of plasma mtDNA DAMP sequences likely go undetected. Apart from the mtDNA
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sequence selected for ampli�cation, the qPCR strategy is incapable of delineating the mitochondrial
genomic origin of other mitochondrial fragments present in plasma but outside of the selected sequence.
Finally, qPCR lacks information about sequence variants in mtDNA DAMPs, limiting opportunities to
utilize the cell-free DNA as a diagnostic marker, as it done in some studies of cancer23–25.

Whole genome sequencing (WGS) of mtDNA DAMPs has the potential to overcome the limitations noted
above22, but in practice the amount of mtDNA relative to the total plasma DNA pool is generally too low
to permit su�cient sequencing depth required to accurately determine changes in mtDNA DAMP
abundance, sequences of origin, or variants. The goals of this proof-of-concept study were to validate the
use of a novel RNA target-bait capture approach to enrich mtDNA from the total plasma DNA pool in
concert with WGS and a bioinformatics protocol to differentiate mtDNA DAMPs from NUMTs in cell-free
plasma. Our aim was to provide a more complete characterization of plasma mtDNA as de�ned by
accurate quantitation, de�nition of fragment length distributions, identi�cation of mtDNA DAMP
sequences of origin, and detection of heteroplasmic (low-frequency) variants and homoplasmic (high-
frequency consensus) variants22. We performed these protocols using mtDNA enriched from plasma
derived from four severely injured human patients each sampled at two time points, upon hospital
admission and 72h later. Two of the four patients required massive transfusions between procurement of
the plasma samples.

Methods
Study subjects: This was an observational study approved by the University of South Alabama
Institutional Review Board which involved analyzing plasma samples of patients enrolled in the
Surgical/Trauma Intensive Care Unit (STICU) at the University of South Alabama Health University
Hospital Trauma Center. Blood draws were taken on arrival and 72h hours later. Informed written consent
was obtained from the patient or legal representative prior to the samples being utilized for experimental
purposes. Any samples collected which were not subsequently consented to were destroyed. All
experimental protocols were approved by University Hospital, and the methods performed were in
accordance with the relevant guidelines and regulations. Inclusion criteria were adults (≥18 years) that
were admitted to the STICU with an Injury Severity Score (ISS) ≥15. Plasma (8 ml) was collected
immediately upon admission to the STICU and 72h later. Two patients were given the massive
transfusion protocol (> 15U of blood products) while two patients with similar ISS did not require
transfusion products. Plasma also was obtained from a human biorepository, but in this instance, mtDNA
was below the limits of qPCR detection or the mtDNA present was full-length (not fragmented) (Fig. 1A).

            mtDNA Library preparation from extracellular DNA in plasma and deep DNA sequencing: Fresh
plasma was centrifuged at 700g (4 C) for 5m. Supernatant was carefully removed by pipette to avoid
aspirating the cell pellet. DNA was isolated from 200 μl of plasma using the QIAamp DSP DNA Blood
Mini Kit (Qiagen, Inc, Hilden, Germany) according to manufacturer’s instructions and stored in 75μl elution
buffer (EB) -80 C.
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For DNA-seq library preparation, The KAPA Hyper Prep Kit was used following manufacturer’s
instructions. Brie�y, end repair and adenine tailing were combined in a single step, followed by adaptor
ligation. DNA was puri�ed 1.5X AMPure XP Beads (Beckman Coulter). Library ampli�cation (11 cycles)
was performed. DNA was puri�ed using AMPure beads and stored 30 μl EB. To enrich mtDNA, we used
MyBaits Human Global Panel mtDNA kit (Arbor Biosciences) following manufacturer’s instructions.
Brie�y, 7μl of library was hybridized with the RNA mtDNA baits for 40h at 55 C. The RNA-DNA hybridized
baits were captured with Dynabeads MyOne Streptavidin C1 (Arbor Biosciences). After puri�cation, the
library was enriched with KAPA HIFI kit (KAPA Inc) for 8 cycles of PCR. Quanti�cation was determined
using the KAPA Library Quanti�cation kit. Analysis of the libraries utilized the Bio-Rad Bioanalyzer
(Experion BioRad Inc.).

            Next Generation sequencing was performed for two patients by HudsonAlpha on a HiSeq2000.
2x50 paired reads, n=4 libraries 1.03*108  +- 7.46*106 reads (mean ± StDev)The other two samples were
sequenced at Florida State University on a HiSeq2500 at 2x50 paired reads, n=7 libraries with 3.14*107 +-
8.70*106   reads (mean ± StDev).  Four samples were run prior to enrichment to determine enrichment
e�ciency of the MyBaits protocol. However, one of the libraries failed due to low amount of isolated
cfDNA; after enrichment, however, the sample contained adequate mtDNA for sequencing. 

Code Availability: Main code and a description of how code was run are contained at
https://github.com/GrantDaly/TRALI-2021. Code for variant calling is contained at
https://github.com/GrantDaly/PyVCF/ .

            Alignments:   Adapter trimming was performed with Cutadapt v2.10. Paired-end reads were aligned
to the GRCh38 reference assembly with the Sentieon v201911.01 implementation of BWA-MEM. Reads
were sorted and converted to the “bam” format with "sentieon util sort"27,33.

            Nuclear Mitochondrial Insertions: The previously annotated reference NUMT set available had
originally been generated with the outdated hg18 assembly, so we elected to generate a NUMT call-set for
the current GRCh38 assembly. NCBI Nucleotide Blast 2.6.0 was run on the Alabama Supercomputer with
the query being the human mitochondrial sequence, database GRCh38, word size 9, reward 1, penalty -1,
gapopen 2, and gapextend 2. This resulted in 1521 NUMT covering 1.03*105bp. The intervals called are
reported in Supplementary Table S5.

            Polymorphic NUMTs are more recent insertions not found in the reference assembly, but are
instead structural population variants. A “vcf” �le retrieved from Dayama et al.20 provided coordinates for
the 95% CI of the insertion sites, and Bedtools v2.26.0 “slop” added 200bp upstream and downstream of
the insertion sites. GRCh37 coordinates were then converted to GRCh38 coordinates with the UCSC
Liftover utility, with 138/141 sites successfully lifting over. Analysis intervals can be found in
Supplementary Table S6.
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            Validation of Alignment Pipeline by Simulation: To evaluate the effect of NUMTs on the accuracy
of our alignment pipeline, a read simulation method was employed. First, Bedtools v2.26.0 “slop” added
100 bp �anking regions upstream and downstream to the previously described non-polymorphic NUMTs.
Then Bedtools “merge” merged any of these intervals within 100 bp, which resulted in 699 remaining
intervals. Using fragment size parameters derived from one of our samples, we used Art Illumina Q
Version 2.5.8 to simulate reads with the error model of a HiSeq 2500 instrument, read length 50bp, insert
size 100 ± 25 (mean ± StDev). Reads were simulated for the mitochondrial sequence (with the “N” spacer
character removed from position 3107), the merged NUMT sequences, and the known polymorphic NUMT
sequences20. Coverage was parameterized as 1,000 for the mitochondrial and NUMT reads. Simulated
reads were processed through our standard alignment and coverage pipeline. Accounting for the fact that
the mitochondria and NUMT were simulated at a known depth of coverage per locus, percent error
metrics for mtDNA coverage were de�ned for each base of the mitochondrial genome. False negative %
error was de�ned as the number of mitochondrial reads expected to be lost covering a site that was
actually covered by 100 reads (equation (1) ), while false positive percent error of a site was de�ned as
the number of NUMT reads incorrectly aligned to a site in mitochondrial genome when the set of NUMTs
was covered at 100-fold (equation (2)). It is important to note that the copy number of the nuclear and
mitochondrial genomes are not necessarily equivalent, so the overall magnitude of erroneously aligned
reads is dependent on the true copy number of the mitochondrial and nuclear genomes.

Mitochondrial Coverage: Read coverages were calculated for the mitochondrial genome, reference
NUMTs, and known polymorphic NUMT insertions sites. Coverages were generated with the pysam
v0.15.3 library (https://github.com/pysam-developers/pysam) "count_coverage" method with quality
threshold ≥2034. Mean mtDNA coverage ÷ mean NUMT coverage for each sample was used to normalize
mitochondrial coverage.

            Variant Calling: Bcftools 1.11-19 was used to generate a preliminary vcf �le for the mitochondrial
genome with maximum depth 1000, minimum base quality 20, minimum mapping quality 20. The NCBI
Variation Services API was accessed to add dbSNP identi�ers to known alternate alleles. VCFs were
normalized so only one alternate appeared per row and these data were processed by a script employed
with a customized fork of PyVCF (https://github.com/GrantDaly/PyVCF/blob/master/scripts/call-
mito.py). For sites with ≥500-fold coverage of the reference and alternate, allele frequencies ≥1% and
≤99% were called heteroplasmies and allele frequencies ≥ 99% were called homoplasmies. For loci with
≥10 and ≤ 500-fold coverage heteroplasmies were allowed if ≥5 reads of the minor allele were identi�ed,
and were called homoplasmies if the allele fraction was ≥99%. 
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            Statistics:  Spearman’s rank analysis was performed using JMP Genomics 8.0 (SAS inc., Cary NC,
USA). Most �gures were made using Graphpad Prism 7.0 (GraphPad Software, San Diego, CA, USA). Of
particular importance were Python v3.7.9 (http://www.python.org/) executed in a Jupyter Notebook,
Pandas and Numpy data analysis libraries, and Matplotlib and Seaborn plotting libraries to plot the
fragment size distributions. Inscape 1.0.2 was used for one diagram.

Results
We enrolled four trauma patients that were admitted to the University Hospital with an injury severity
score (ISS) > 15. All four patients were males between the ages of 19 and 42 with blood type O+
(Supplementary Tables S1 and S2). The injuries were due to motor vehicle crash (two patients), a
pedestrian hit by automobile, and a gunshot wound to the chest and abdomen. Two patients had injuries
that required massive transfusion protocol, while transfusion was not necessary in the other two. Plasma
was collected at the time of enrollment, prior to the administration of any blood products, and 72 hours
thereafter, resulting in 8 samples altogether.

Experimental and Analytical Work�ow:
Our goal in this study is to establish an analytical work�ow that fully characterizes cell free plasma
mtDNA DAMPs and in order to ultimately enable the use of mtDNA DAMPs as biomarkers of disease
outcome (Fig. 1). In order of implementation, the initial challenge was to select a method that overcame
the limitations of analyzing low abundance, highly fragmented mtDNA relative to the substantially larger
nDNA pool. For this we used a commercially available RNA target-bait capture enrichment kit previously
applied to intact mitochondrial genomes in concert with a deep sequencing protocol. Next, after
sequencing, we developed alignment and �ltering strategies to more fully quantify DAMP abundance over
the entire mitochondrial genome, characterize fragment lengths, and identify mtDNA heteroplasmies.

Target-Bait Enrichment:
Utilizing standard isolation protocols, we recovered a range of total DNA (221 ± 193 ng/µl; mean ± StDev)
in 200 µl of plasma from either healthy subjects or trauma patients. However, unlike DNA isolated from
plasma taken from normal human subjects, which was detected as fragments exceeding 7000 bp, most
of the DNA in trauma patient plasma was highly fragmented at ~ 150 bp or less (Fig. 2a).

In four samples from two patients, we performed whole genome sequencing (WGS) in non-enriched
samples and compared them to target captured samples to calculate the e�ciency of the protocol (Fig.
2b). Library preparation was successful in three of the four non-enriched samples and provided 2.32*107

± 2.73*106 (mean ± StDev) sequence reads from WGS, and 6.25*107 ± 4.07*107 (mean ± StDev) reads
from the bait-capture enriched samples. The paired-end sequence reads were initially aligned to the
Revised Cambridge Reference Sequence. Total mtDNA sequence coverage was high in the enriched
samples (Fig. 2b).
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The Obfuscating Impact of NUMTs on mtDNA
Quanti�cation:
Careful inspection of read alignments for enriched mtDNA samples revealed a conspicuously large
number of heteroplasmies (Fig. 2b). The source of heteroplasmies was ambiguous, originating from
either true mtDNA variants or NUMTs, which occur at more than 1500 locations in the human reference
genome. Given that many NUMTs have a high degree of sequence homology to the mitochondrial
genome, we postulated that they, like authentic mtDNA, were pulled down by the target-bait capture, but in
fact represent contaminants. To test this hypothesis, we �rst performed a simulation analysis of
mitochondrial sequences and NUMT sequences to determine where the reads would preferentially align
to the human genome reference GRCh3827. The outcome of this approach, shown in Fig. 3a-b, revealed
that certain regions of the mitochondrial genome share su�cient homology that the alignment algorithm
was incapable of uniquely assigning them to the correct location. Speci�cally, we found 14 regions within
the mitochondrial genome which had perfect homology to the nuclear genome, with 12 of the 14 regions
being longer than 100bp (Fig. 3b). Conspicuously, the majority of these were near the same region of
Chromosome 1, suggesting they originated from the same insertion site. Finally, the mitochondrial
genomic region spanning approximately 9.5-16.5kb has much less NUMT contamination than the rest of
the mitochondrial genome (Fig. 3a).

Rigorous �ltering and exclusion of NUMTs carries the risk of underestimating the total abundance of
authentic mtDNA DAMPs. Conversely, inadequate �ltering may overestimate abundance as well as lead
to inaccurate identi�cation of heteroplasmic variants. To illustrate the extremes of these �ltering
strategies, we plotted the percent error for mitochondrial and NUMT simulated reads (Fig. 3c) at Phred-
scaled mapping quality scores of 0 and 20, with 0 corresponding to low con�dence and 20 corresponding
to ~ 1/100 chance of the read being erroneously aligned 28. These data indicate that rigorous �ltering
may increase false negative rate of alignment while reducing false positive alignments that can lead to
false positive heteroplasmy calls.

Enrichment:
Based on the simulation data we realigned the sequence data to the total GRCh38 human reference
genome27. Consistent with our expectation, this enhanced alignment accuracy while diminishing read
abundance (Fig. 4a). It is noteworthy that the total amount of NUMT sequences aligned to the
mitochondrial genome exceeded the alignment of authentic mtDNA sequences. Therefore, we concluded
that failure to correct for NUMT abundance can lead to overestimation, highly variable mtDNA coverage,
and false assignments of heteroplasmies that actually originate from nuclear sequences of
mitochondrial DNA insertions.

To assess the impact of sequence-capture enrichment, we performed Spearman’s rank correlation of the
mean abundance of 100 bp bins across the mtDNA genome for one patient at both time points between
all enriched and non-enriched preparations. Correlations between paired enriched and non-enriched
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samples were poor, whereas correlation of the enriched samples at the two time points were high (Fig.
4b). With con�dence that the majority of reads were properly aligning either to the nDNA or the mtDNA,
we then calculated mean coverage for total mtDNA, NUMTs and normalized coverage (mean mtDNA
coverage ÷ mean NUMT coverage) (Supplemental Table S3). Normalized mtDNA coverage was
additionally called over each base of the mitochondrial genome (Supplemental Table S4). Coverage
statistics for reference NUMTs are included in Supplementary Table S5. The enrichment and alignment
strategy led to a 1488 ± 1045 (mean +- StDev) fold enrichment as compared to WGS (Fig. 4c).

Unique Challenges Imposed by Polymorphic NUMTs:
Our analyses were based on NUMTs identi�ed in the human reference. However, a heterogeneous
population of NUMTs not annotated in the human reference has emerged from the 1000 Genomes
Project. Dayama and coworkers identi�ed many of these polymorphic NUMTS by identifying spurious
alignments of paired-end sequence reads in which one end uniquely aligned to the nuclear genome but
the other end uniquely aligned to the mitochondrial genome20. The prevalence of these insertions is
highly variable within populations. A major problem with these NUMTs is the extremely high sequence
homology to the human mtDNA reference (> 99% homology in many cases), thus making alignment
accuracy exceedingly di�cult to determine where these sequences originate. Here we designate this
subset as “polymorphic NUMTs” and consider them population-level nuclear variants, distinct from
genuine non-nuclear mitochondrial heteroplasmies. Because of these issues, we selected the human
mitochondrial MyBaits designed for the “modern global human” global diversity panel of 197 sequences.
These allow for maximal recovery of all human sequences –ideal for patient study samples and
applicable world-wide.

Polymorphic NUMTs can be captured by RNA target-baits, as shown in Fig. 5a. Nuclear DNA sequences
�anking these polymorphic NUMTs are also recovered. We hypothesized that polymorphic NUMTs could
be delineated by sequence coverage of these �anking nuclear DNA insertion points. As depicted by the
IGV snapshot shown in Fig. 5b, it is evident that sequence coverage was high within a NUMT found in
Chromosome 4; in contrast it would not be detected in another patient indicating that this polymorphic
NUMT is patient-speci�c.

Similar to the report by Dayama et al., careful inspection showed that some read pairs aligned to both the
nuclear and mitochondrial genomes (Fig. 5c). Consistent with our expectation, basic local alignment
search tool (BLAST) analysis of regions �anking polymorphic NUMTs were not homologous to the
mtDNA genome (Fig. 5D). Against this background, we then calculated mean coverage at 138 previously
identi�ed insertions to determine patient-speci�c associations (Supplementary Table S6). Our criteria for
identifying these polymorphic NUMTs required ≥ 10 fold mean coverage in at least one of the samples at
both time points, con�rmation of the region by direct visualization on an IGV snapshot, and con�rmation
of paired reads mapping to both the mtDNA as well as the nDNA region of interest. Using this method we
found 13 potential polymorphic NUMT sites, of which 3 NUMT genotypes were con�rmed according to
these criteria.
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Accurate Delineation of mtDNA Coverage, Fragment Size,
and Heteroplasmy
To illustrate the utility of the above-described work�ow, we quanti�ed mtDNA and NUMT coverage,
fragment size and heteroplasmic signature for each of the four over time. In contrast to qPCR
quanti�cation of mtDNA DAMPs associated with a pre-speci�ed mitochondrial genomic sequence, our
method allows for quantitation over the entire mitochondrial genome. Additionally, this �ltering strategy
discriminates between authentic mtDNA fragments and contaminants and reference NUMTs, thus
pointing to the prospect that mtDNA abundance could be normalized to the circulating nDNA pool.
Towards these ends, mean NUMT coverage was relatively stable over time in this small sample of
transfused and non-transfused patients (Fig. 6a). However, highly dynamic changes in mtDNA DAMPs
mean coverage are evident in both transfused and non-transfused patients (Fig. 6b), with one patient
displaying a conspicuously large increase after transfusion. In light of the stable NUMT abundance,
mean mtDNA coverage was normalized to this nuclear DNA coverage shown in Fig. 6c. Inter-patient
variability was notably reduced.

Fig. 7 displays histograms of the percentage of fragments observed of a given size. Notably, the
massively transfused patients were enriched for small NUMT and mtDNA fragments at 72h. To analyze
fragment size numerically we plotted the mean fragment size over time (Fig. 8). Mean fragment length of
NUMTs and mtDNA DAMPs both increased moderately in non-transfused patients over time, while both
NUMT and mtDNA fragment length decreased over time in massively transfused patients (Fig. 7a-d; Fig.
8; Supplementary Table S7). Finally, we calculated mtDNA heteroplasmy densities in each patient (Fig. 9;
Supplementary Table S8 and S9). The criteria for designating a heteroplasmic variant is based on at least
500x read coverage and ≥1 percent of the reads calling the minor allele. One non-transfused patient
maintained a steady level of heteroplasmy while the other increased heteroplasmy, and one massively
transfused patient maintained similar levels of heteroplasmy levels while the other patient showed
decreased heteroplasmy. This is an interesting observation, as we hypothesized that heteroplasmies
would increase in transfused patients due to the exogenous addition of mtDNA from the transfusion
products.

Discussion
In a range of human disorders, pro-in�ammatory fragments of mtDNA DAMPs accumulate in the
circulation where they propagate the initiating insult to distant sites1–7 through proin�ammatory immune
responses29–32. Central to obtaining a complete understanding of the pathophysiologic role of mtDNA
DAMPs is the need to de�ne the distribution of individual fragments relative to their origin within the
mitochondrial genome and to measure the total fragment abundance. qPCR is the analytical method of
choice, but although quantitatively sensitive, it is limited by primer and amplicon design choices which
typically only sample small regions. Thus, the majority of the mtDNA DAMPs in plasma may escape
detection by qPCR. In one of the few reports of its kind, Zhang and colleagues demonstrated through
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whole genome sequencing that cell-free mtDNA in plasma is highly fragmented (average length ~ 60–
200 bp) which makes accurate quanti�cation by PCR very di�cult22. Similar to Zhang et al., we were
unable to detect highly fragmented mtDNA in plasma from normal subjects, so we focused our analysis
exclusively on severely injured patients.

Against this background, the goal of this study was to develop an experimental protocol and analytical
work�ow that provide a more comprehensive assessment of plasma cell-free mitochondrial DNA
fragments. Here we present new RNA target bait-capture, deep sequencing and bioinformatics protocols
for more accurate quantitation and differentiation between mtDNA DAMPs and NUMTs in these samples.
The high depth of coverage enabled by target-bait enrichment allows for interrogation of both NUMTs
and authentic mtDNA at an unprecedented level of precision. Furthermore, the cost effectiveness of our
enrichment protocol compared to WGS allows the procedure to be scaled with up to 50 patient samples
per �ow cell lane.

In this study, we have demostrated a strategy to disentangle the overlapping signals from mtDNA and
NUMTs20. There are two varieties of NUMTs, those that have been included in the reference genome, and
a second variety that is polymorphic, meaning they are found sporadically in the population20. About
1500 reference NUMTs have been enumerated, spanning ~ 100Kbp of the nuclear genome. Polymorphic
NUMTs are far more challenging to detect than the enumerated NUMT population as they often share
greater than 99% homology, are not contained in the reference assembly, and can only be discovered by
matching paired reads that align to the two genomes. The method described herein accounts for both
polymorphic and reference NUMTs using a computational strategy that takes advantage of sequence
variants and sequence coverage regions �anking NUMTs. Using this, we found that polymorphic NUMTs
were a small and stable component of the presumed total mtDNA DAMP pool. Because of the apparent
low frequency of polymorphic NUMTs within the population, the inclusion of this type of NUMT is unlikely
to lead to overestimation of the authentic mtDNA DAMP abundance. However, our analysis found that
failure to judiciously exclude annotated NUMTs was associated with spuriously elevated mtDNA DAMP
abundances. We recommend, therefore, that our method be used to survey for the presence of
polymorphic NUMTs in order to more accurately quantify de facto mtDNA DAMPs in plasma, removing
false positives and yielding more robust heteroplasmy classi�cation.

Our deep sequencing protocol allows determination of two additional characteristics of plasma mtDNA
DAMPs: fragment length distribution, and heteroplasmic signatures. Even with a limited number of
samples, we were able to detect changes in mean fragment size as a function of patient and time after
hospital admission. With a larger number of patients, DNA fragment size distributions may be further
characterized for a more detailed quantitative comparisons between and within patients. Notably, we also
detected multiple heteroplasmic variants that changed over time, and some of the detected
heteroplasmies are predicted to be coding variants (Supplemental Table S9). Other work demonstrates
that certain heteroplasmies derive from speci�c tissues or cells. Accordingly, the current observations
point to the prospect that heteroplasmic signatures in cell-free plasma mtDNA represent promising
potential for the development of new markers of organ dysfunction.
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The biological implications of this study are limited by the small patient number. Nevertheless,
conspicuous differences between transfused and non-transfused patients Were noted, including
signi�cant variability in the mean mtDNA abundance as a function of the transfusion protocol and time
after hospital admission. We also noted that NUMT coverage was relatively consistent between patients
irrespective of injury severity, transfusion, or time. This permitted the novel use of NUMT coverage as a
factor to normalize mtDNA DAMP abundance. Normalized DAMP abundance was dynamic with time
dependent changes noted in all patients.

In summary, here we have presented an experimental and analytical work�ow that permits detailed
evaluation of plasma cell-free mtDNA DAMP abundance and characteristics with increased accuracy and
sensitivity over contemporary methods. Future studies can take advantage of this strategy to determine
how mtDNA changes occur over time in patients with trauma, sepsis, and multiple other diseases that
have been associated with mtDNA DAMPs.
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Figure 1

Experimental design and computational work�ow for mtDNA DAMP enrichment, sequencing and
analysis. Experimental design and computational work�ow are depicted as blue boxes and green boxes,
respectively. Figure prepared in MS Powerpoint.

Figure 2

Differences between normal human subjects and trauma patients before and after enrichment. a) DNA
fragment size was determined in total cell free DNA isolated from normal human and trauma patient
plasma by bioanalyzer. Note that plasma from normal subjects contain relatively long fragment sizes,
while plasma from trauma patients contained considerably smaller DNA fragments. Image is a
Bioanalyzer output where the vertical black line shows where the output was cropped for clarity. The full
output is presented as Supplemental Image 1. b) IGV screenshot depiction of plasma DNA fragments
aligned to the mitochondrial genome before and after enrichment. The alignment strategy utilized the
revised Cambridge reference sequence26. We noted numerous heteroplasmic variants as depicted by the
red, blue, green and orange bars.
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Figure 3

Simulated mtDNA and NUMT sequence reads identify numerous regions that align non-uniquely to the
mitochondrial genome. a) IGV screenshot depicts simulated mtDNA and NUMT reads that align to the
mitochondrial genome. There were 14 sites that the aligner could not differentiate between the
mitochondrial genome and the nuclear genome. Figure prepared with MS Powerpoint b) Segments of
highly homologous overlapping regions of NUMT and mitochondrial genome sequences. c) The false
negative and false positive percentages as described in methods were displayed as “boxen” plots to
display the quantiles of mitochondrial indices with a speci�c error. Data were colored to re�ect the
minimum mapping quality as quanti�ed in Phred scale28 Figure from Seaborn plotting library.
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Figure 4

Target-bait capture enrichment in combination with judicious exclusion of NUMTs leads to more precise
quantitation of mtDNA DAMPs as compared to WGS. a) IGV screenshot histograms depict enrichment of
mtDNA fragments after application of bioinformatics protocol. Note decreased heteroplasmy attributable
to exclusion of NUMTs. b) Non-parametric Spearman’s rank analysis of fragment base pair coverage
along the mitochondrial genome in a single massively transfused patient before and after transfusion in
enriched and non-enriched samples. Higher correlations are indicated by more tightly clustered data.
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Figure prepared with JMP Genomics. c) Enrichment e�ciency for whole genome sequenced and samples
sequenced after enrichment in three individual patients. Figure from Graphpad Prism.

Figure 5

Target-bait capture enrichment protocol identi�es insertion points of polymorphic NUMTs in the nuclear
genome. a) Schematic depiction of how target-bait capture also leads to sequencing of �anking regions
of polymorphic NUMTs. Figure prepared by EMH in Inkscape b) IGV histograms depicting a speci�c
polymorphic NUMT in a massively transfused patient whereas the second patient lacks this insertion. c)
Read meta-data taken from IGV demonstrates part of this read aligns to the nuclear genome �anking an
annotated polymorphic NUMT, and the rest of the read maps to the mitochondria, consistent with an
insertion event. d) BLAT analysis of the �anking region of the polymorphic NUMT depicts that the nuclear
�anking region has no sequence homology to the mitochondrial genome.
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Figure 6

Sequence coverage of NUMTs and mtDNA as a function of patients over time. Mean coverage of NUMTs
(a) and mtDNA DAMP (b) coverage depicts nDNA coverage remains relatively stable regardless of patient
injury or transfusion status, while mtDNA DAMPs increase. c) Normalized coverage (mtDNA mean
coverage ÷ NUMT mean coverage) in non-transfused and massively transfused patients. All charts from
Graphpad Prism.
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Figure 7

Fragment length characteristic histograms of mtDNA and NUMTs. Fragment length distributions of
NUMTs (a,b) and mtDNA (c,d) demonstrate degradation of DNA fragments over time in the massively
transfused patients (b,d). Figure prepared with the Seaborn plotting library.
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Figure 8

Mean fragment size with time and treatment. Mean fragment sizes plotted over time. a) NUMT fragment
sizes increased over time for non-transfused patients while transfused patients had decreased NUMT
fragment sizes. b) Mitochondrial mean fragment sizes similarly increased over time for the transfused
patients and decreased over time in massively transfused patients. Both charts from Graphpad Prism.

Figure 9

Changes in heteroplasmic variants with time and treatment. One non-transfused patient had a large
increase in measured heteroplasmies while the second patient showed little change. One massively
transfused patient showed a decrease in heteroplasmy over time while the other patient showed a similar
level. Chart from Graphpad Prism.
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