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BACKGROUND: Cellular mitochondrial DNA (mtDNA)
is organized as circular, covalently closed and double-
stranded DNA. Studies have demonstrated the presence
of short mtDNA fragments in plasma. It is not known
whether circular mtDNA might concurrently exist with
linear mtDNA in plasma.

METHODS: We elucidated the topology of plasma mtDNA
using restriction enzyme BfaI cleavage signatures on
mtDNA fragment ends to differentiate linear and circu-
lar mtDNA. mtDNA fragments with both ends carrying
BfaI cleavage signatures were defined as circular-derived
mtDNA, whereas those with no cleavage signature or
with 1 cleavage signature were defined as linear-derived
mtDNA. An independent assay using exonuclease V to
remove linear DNA followed by restriction enzyme MspI
digestion was used for confirming the conclusions based
on BfaI cleavage analysis. We analyzed the presence of
BfaI cleavage signatures on plasma DNA ends in nonhe-
matopoietically and hematopoietically derived DNA
molecules by sequencing plasma DNA of patients with
liver transplantation and bone marrow transplantation.

RESULTS: Both linear and circular mtDNA coexisted in
plasma. In patients with liver transplantation, donor-
derived (i.e., liver) mtDNA molecules were mainly linear
(median fraction, 91%; range, 75%–97%), whereas
recipient-derived (i.e., hematopoietic) mtDNA mole-
cules were mainly circular (median fraction, 88%; range,
77%–93%). The proportion of linear mtDNA was well
correlated with liver DNA contribution in the plasma

DNA pool (r � 0.83; P value � 0.0008). Consistent data
were obtained from a bone marrow transplantation re-
cipient in whom the donor-derived (i.e., hematopoietic)
mtDNA molecules were predominantly circular.

CONCLUSIONS: Linear and circular mtDNA molecules
coexist in plasma and may have different tissue origins.
© 2019 American Association for Clinical Chemistry

The physical characteristics of cell-free DNA (cfDNA)8

in blood circulation have gained much recent research
interest. For example, the fragmentation patterns of
cfDNA, including fragment sizes (1–7 ), nucleosome po-
sitioning signatures (8, 9 ), fragment ends (10–12), as
well as fragment end motifs (13 ), have been the focus of
recent research studies in pregnancy (1, 5, 9, 10 ), oncol-
ogy (3, 7, 8, 11, 12 ), and autoimmune diseases (2 ). This
field can be referred to as “fragmentomics,” a term that
was first used for the fragmentation of peptides (14 ).

Many studies on circulating DNA have focused on
the analysis of DNA molecules originating from the nu-
cleus. In fact, plasma also contains extrachromosomal
mitochondrial DNA (mtDNA) molecules (15 ). The
number of mtDNA molecules in a single human cell,
generally organized as circular, covalently closed and
double-stranded DNA of approximately 16.5 kb in size
(16 ), would vary from dozens to thousands depending
on the tissue or organ (17–20), as opposed to just 2
copies of genomic DNA in a linear form per cell. For
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example, a liver cell might contain around 6000 mtDNA
copies (18 ), whereas a peripheral blood nucleated cell
might contain only around 50 copies (17 ).

Interestingly, circulating mtDNA molecules have
been demonstrated to exhibit fragmentation patterns
that are strikingly distinct from circulating nuclear DNA
(1, 3 ). Sequencing analysis of nuclear DNA in plasma
generally reveals a modal size of 166 bp (1 ). Conversely,
sequencing analysis of plasma mtDNA revealed that
there is no observable major 166-bp peak but a dra-
matic enrichment of short fragments (e.g., �100 bp).
Furthermore, the 10-bp periodic profile typically ob-
served among short circulating DNA of nuclear origin is
not a feature of the mtDNA size profile (1, 3 ). Such a
unique size profile of circulating mtDNA has been attrib-
uted to the lack of histones in association with the mito-
chondrial genome (1, 3 ).

In 2003, Chiu et al. demonstrated the coexistence of
both particle-associated and free mitochondrial DNA in
plasma DNA using filters with different pore sizes fol-
lowed by quantitative real-time PCR (qPCR) analysis of
mtDNA and the HBB9 gene (coding for �-globin) (15 ).
However, it is worth noting that qPCR would amplify
both the intact mtDNA in circular form as well as a linear
mtDNA fragment that bears the primer annealing sites.
Thus, qPCR cannot quantify the relative amounts of the
various physical forms of mtDNA in a single assay. We
believe that massively parallel sequencing could poten-
tially quantify all forms of mtDNA molecules provided
that sequencing adapters could be ligated to the circular
intact mtDNA after a linearization step. We hypothe-
sized that with an appropriately designed assay, it would
be possible to investigate whether circular and linear
mtDNA molecules coexist in human plasma.

We propose the term “plasma DNA topologics” for
this type of investigation, as it is analogous to the branch
of mathematics called topology, which studies geometric
properties and spatial relationships. To be able to unam-
biguously identify and simultaneously detect the linear
and circular forms of mtDNA, we used several experi-
mental and in silico based approaches. In one strategy, we
used exonuclease V, which would cut the preexisting lin-
ear mtDNA in plasma. We then used a restriction endo-
nuclease to cut the circular mtDNA in plasma into mul-
tiple linear fragments. For in silico based approaches, we
used bioinformatic prediction of size profile following
restriction enzyme digestion of a circular mtDNA mole-
cule and compared the predicted size profile with empir-
ical observations in plasma DNA sequencing results. We
further explored whether circular and linear mtDNA in

plasma might have different tissues of origin using plasma
samples from liver transplantation recipients and a bone
marrow transplantation recipient.

Materials and Methods

PRINCIPLES OF TOPOLOGIC ANALYSIS OF CIRCULATING

mtDNA

To sequence the circular mtDNA together with any pre-
existing fragmented linear DNA molecules in plasma, a
restriction enzyme digestion step by BfaI (C^TAG) was
used before sequencing library preparation (Fig. 1A).
The majority of the preexisting linear mtDNA would be
expected to be �200 bp (1, 3 ). Because a restriction
enzyme with a 4-bp recognition sequence motif generally
cuts DNA once every 256 bp (1/44), the linear frag-
mented mtDNA molecules were expected to be digested
once, if at all. On the other hand, circular mtDNA is
approximately 16.5 kb in length and contains a total of
98 BfaI cutting sites, resulting in enzymatically linearized
DNA molecules, each of which bears enzyme cleavage
signatures at both ends of the molecule.

In another strategy, we used exonuclease V to re-
move the preexisting linear mtDNA fragments in plasma,
followed by a new restriction enzyme MspI digestion
(Fig. 1A). This additional assay could provide an orthog-
onal validation for the presence of circular mtDNA in
plasma.

Such a topologic analysis of mitochondrial DNA
utilizing restriction enzymes could be applied to analyze
the forms of mtDNA originating from different tissues in
the context of liver transplantation and bone marrow
transplantation (Fig. 1B).

STUDY PARTICIPANTS

Twelve liver transplantation patients, 5 healthy adults and 5
pregnant women in the third trimester were recruited with
informed consent from the Prince of Wales Hospital,
Hong Kong. The liver transplantation recipients were in
a stable condition for �10 years after transplantation.
Peripheral blood was collected. A patient with allogenic
bone marrow transplantation was recruited from the
Prince of Wales Hospital, Hong Kong. Peripheral blood
was collected after successful donor bone marrow en-
graftment. These studies were approved by the Joint Chi-
nese University of Hong Kong–Hospital Authority New
Territories East Cluster Clinical Research Ethics Com-
mittee. DNA extraction and sequencing library prepara-
tion are documented in Methods in the Data Supple-
ment that accompanies the online version of this article at
http://www.clinchem.org/content/vol65/issue9.

TARGET-CAPTURE ENRICHMENT

For enrichment of mtDNA molecules from plasma DNA
samples, targeted enrichment with human mtDNA cap-

9 Genes: HBB, hemoglobin subunit beta; Dnase1l3, deoxyribonuclease 1-like 3 [Mus mus-
culus (house mouse)]; DNASE1L3, deoxyribonuclease 1 like 3.
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turing probes was conducted. SeqCap EZ Developer
Probes (Roche) customized for mtDNA were used in the
capture procedure after the library preparation. The cap-
tured libraries were then processed through cleanup steps

by NimbleGen SeqCap Hybridization and Wash Kit
(Roche). The 4200 TapeStation (Agilent) and Qubit
3.0 Fluorometer (Thermo Fisher Scientific) were used
to assess the quality and the quantity of the captured

Fig. 1. Schematic illustration of the principles of topologic analysis of mtDNA.
(A), Using BfaI cleavage ends to distinguish circular intact mtDNA (16.5 kb) from preexisting linear mtDNA molecules (generally <200 bp). Restriction
enzyme BfaI recognizes C^TAG sequence and will cleave the circular mtDNA into linear fragments (a total of 98 fragments). Both ends of the cleavage
fragments originating from the intact mtDNA molecules will demonstrate BfaI cleavage signatures related to the enzyme recognition sequence. In
contrast, the majority of linear mtDNA that preexisted in the plasma sample will have no more than 1 enzymatic cleavage site. BfaI has a 4-bp
recognition sequence, which by random chance should occur once every 256 bp (1/44). Therefore, those mtDNA fragments without any cleavage
signature or with 1 cleavage signature were deemed as linear-derived mtDNA. In a second strategy, we used exonuclease V to remove the preexisting
linear mtDNA fragments in plasma, followed by a new restriction enzyme MspI digestion. This additional assay provided an orthogonal validation for
the presence of circular mtDNA in plasma. (B), Determination of the physical forms of mtDNA originating from different tissues. We used single
nucleotide variants to distinguish mtDNA molecules originating from transplantation donors and recipients. For instance, for liver transplantation, the
mtDNA molecules carrying B alleles (red square) indicate liver-derived mtDNA. The mtDNA molecules carrying A alleles (yellow square) are hemato-
poietically derived. Combined with topologic analysis of mitochondrial DNA, we can identify whether the liver or hematopoietically derived mtDNA
molecules were circular or linear according to the patterns of BfaI cleavage signatures.
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libraries, respectively. Table 1 in the online Data Sup-
plement contains the targeted regions of interest, in-
cluding 1000 single-nucleotide polymorphism sites
and mitochondrial genomic regions that were submit-
ted to the commercial vendor for probe design and
synthesis (Roche NimbleGen).

Additional details, including sequencing, align-
ment, bioinformatics analysis of circular and linear
mtDNA, as well as mtDNA genotyping, are described in
Materials and Methods in the online Data Supplement.

Results

CIRCULATING MITOCHONDRIAL DNA PROFILES OF HEALTHY

ADULTS

Targeted capture sequencing of circulating mtDNA
was applied to plasma samples of 5 healthy adults with
and without BfaI digestion. We obtained a median of 46
million uniquely mapped paired-end reads (range,
42–63 million) and 52 million (range, 36–65 million)
for samples with and without digestion, respectively.

The median proportion of mtDNA was significantly
increased in plasma DNA samples with BfaI digestion
(median, 0.89%; range, 0.32%–2.05%) in comparison
with those without digestion (median, 0.11%; range,
0.06%–0.13%) (P � 0.006; Mann–Whitney U-test).
The median proportion of circular mtDNA fragments,
with 2 enzymatic cleavage ends, among all mtDNA mol-
ecules in BfaI-treated samples was 73% (range, 72%–
79%), which was much higher than those without re-
striction enzyme digestion (median, 0.06%; range,
0.04%–0.08%) (P � 0.006; Mann–Whitney U-test).
Because circular mtDNA cut by BfaI would result in
enzyme digested termini on both ends of each resulting
fragment, the data suggested that there was an abundance
of cell-free circular mtDNA in plasma that were other-
wise not detected by sequencing using standard library
preparation.

Strictly speaking, we could not completely rule out
the possibility that some linear mtDNA carrying �1 BfaI
cleavage sites might contribute cleavage molecules to the
population of mtDNA fragments bearing 2 restriction
enzyme-associated cleavage ends. However, the probabil-
ity of such a scenario would be relatively low for several
reasons: (a) As the median distance between 2 BfaI cleav-
age sites in the mitochondrial genome was 200 bp and the
majority of plasma linear mtDNA fragments were �200
bp in our data (Fig. 2B), the number of preexisting linear
mtDNA carrying at least 2 BfaI cleavage sites would be
small. As expected, there was only a median of 15%
(range, 12%–24%) of mtDNA �200 bp in plasma DNA
without digestion, and there was a median of 18% of
preexisting linear mtDNA (range, 16%–21%) carrying
at least 2 BfaI cleavage sites. Such a low amount of linear
mtDNA bearing BfaI sites could not account for the ob-

servation that 73% of mtDNA fragments carrying 2 BfaI
cleavage ends were present in plasma DNA after the di-
gestion of BfaI. In addition, such BfaI cleavage occurring
in short mtDNA, if any, would not contribute to newly
produced long mtDNA molecules that were present in
digestion results (Fig. 2B). (b) We also performed the
computer simulation in which all the linear mtDNA car-
rying BfaI cleavage sites were in silico cut into short frag-
ments. We performed in silico cutting on the pooled
plasma DNA molecules of 5 healthy controls without
digestion (see Fig. 1A in the online Data Supplement)
and analyzed the size profile. Compared with the size
profile with discrete sporadic spikes created by the in
silico cutting of the intact mitochondrial genome (see
Fig. 1B in the online Data Supplement), such BfaI cut-
ting spikes were also present in the plasma DNA treated
by BfaI (see Fig. 1C in the online Data Supplement) but
absent in the size profile with the in silico cutting of linear
mtDNA (see Fig. 1D in the online Data Supplement).
These results suggested that the cutting of linear mtDNA
would not be consistent with our observed data. (c)
Among 850977 plasma sequences obtained using the
single-molecule sequencing by the Pacific Biosciences
platform, which could sequence molecules kilobases long
(21 ), we identified 24 mtDNA fragments among which
there was no single sequence �1 kb (see Fig. 2 in the
online Data Supplement). These data suggested that lin-
ear mtDNA molecules of �1 kb may be rare in plasma.

INDEPENDENT ASSAY USING RESTRICTION ENZYME COUPLED

WITH EXONUCLEASE

To provide additional data to demonstrate the presence
of circular mtDNA in plasma, we first used exonuclease
V to digest linear DNA in plasma. Exonuclease V cannot
digest circular mtDNA. Exonuclease V treatment was
then followed by digestion with the restriction enzyme
MspI (recognition site, C^CGG). We performed mas-
sively parallel sequencing of 5 plasma DNA samples of
pregnant women with and without the treatment of ex-
onuclease V followed by MspI digestion. One sample had
a portion of remaining plasma DNA that was sufficient
for an assay with MspI digestion only. As shown in Fig.
2C, compared with the percentage of mtDNA in the
control group with neither exonuclease V nor MspI di-
gestion (median, 0.0011%; range, 0.0006%–0.0017%),
a 9.8-fold increase of mtDNA was observed in a sample
with MspI digestion only (0.0078%). Moreover, there
was a 2734-fold increase in the median level of mtDNA
proportion for those plasma DNA samples with exonu-
clease V followed by MspI digestion (median, 3.01%;
range, 0.86%–13.53%). This apparent high increase was
owing to exonuclease V digestion of the linear autosomal
cfDNA. Instead of expressing the percentage of mtDNA
to the total number of cfDNA, we compared the propor-
tion of mtDNA molecules with 2 MspI cleavage ends
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among all mtDNA molecules (Fig. 2D). Compared with
the control group, there was a substantial increase in the
proportion of cut mtDNA with MspI digestion (meidan,
0% vs. 89%). The proportion of cut mtDNA was similar
between samples with MspI digestion irrespective of
whether or not the exonuclease V treatment was applied
(median, 89% and 85%). These data support the inter-
pretation that the additional mtDNA generated by MspI
cutting was derived from circular mtDNA (which was
not degraded by exonuclease V), rather than long linear
mtDNA molecules.

We also analyzed the size profiles across different
conditions as shown in Fig. 3 of the online Data Supple-
ment. Compared with plasma DNA without any diges-
tion (see Fig. 3A in the online Data Supplement), we
observed size profiles with discrete spikes that were highly
consistent between plasma DNA samples treated by MspI
only (see Fig. 3B in the online Data Supplement) and

exonuclease V followed by MspI digestion (see Fig. 3C in
the online Data Supplement). Both of these size profiles
were consistent with the size profile derived from the in
silico cutting of intact circular mtDNA (see Fig. 3D in
the online Data Supplement). These results were com-
plementary to the results based on the assay of BfaI in
supporting the conclusion that there was a high abun-
dance of cell-free circular mtDNA in plasma.

TRANSPLANTATION RECIPIENTS

We performed target capture sequencing on 12 plasma
DNA samples obtained from liver transplantation recip-
ients with and without restriction enzyme digestion. A
median on-target depth of 718� [interquartile range
(IQR), 593–999�] and 901� (IQR, 643–1268�) were
obtained for samples with and without digestion, respec-
tively. All participants had liver transplantation �10
years ago, and none had current evidence of rejection.

Fig. 2. Effects of BfaI digestion on circulating mtDNA profiles.
(A), Comparison of the proportion of mtDNA with 2 BfaI cleavage ends among all mtDNA for plasma DNA samples from healthy volunteers
processed with and without restriction enzyme digestion. (B), Size profiles of mtDNA fragments in paired aliquots of plasma DNA with and
without enzyme treatment. There was an increased frequency of longer mtDNA molecules in plasma digested with BfaI. (C), Proportion of
mtDNA among all plasma DNA across conditions, including no treatment, MspI digestion, and exonuclease V followed by MspI digestion. (D),
Proportion of mtDNA with 2 MspI cleavage ends among all mtDNA. Different colored dots indicated different samples.
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The fraction of DNA derived from the transplanted liver
was reported in a previous study using the single-
nucleotide polymorphism-based approach (22 ), ranging
from 1.8% to 40% (median, 5%) (see Table 2 in the
online Data Supplement).

We identified genetic variants in the mitochondrial
genome whose sequence differed between the donor’s
and the paired recipient’s tissues, termed informative
variants (see Methods in the online Data Supplement).
We sequenced the matched recipient’s buffy coat and
donor’s tissue DNA (available in 9 of 12 liver transplan-
tation cases), with a median on-target depth of 644.1�
(IQR, 443.7–979.6�) with either enzyme digestion (2
donor-recipient pairs) or sonication (7 pairs) before tar-
get capture. For the remaining 3 cases, we developed a
method to infer the informative variants for those cases
without donor’s tissue samples (see Methods in the on-
line Data Supplement). In total, we obtained a median of
36 informative variants (range, 20–51) for each donor–
recipient pair.

The median proportion of mtDNA molecules
showing 2 BfaI cleavage ends was found to be 72%
(range, 38%–86%) in samples treated by the restriction
enzyme BfaI, which was 722-fold higher than that in the
paired aliquots without treatment (median, 0.1%; range,
0.06%–0.14%; P � 0.0001; Mann–Whitney U-test)
(see Fig. 4A in the online Data Supplement). In contrast
to aliquots without the restriction enzyme digestion, we
also observed a distinct size profile for aliquots treated
with the restriction enzyme digestion, showing more
long mtDNA molecules and discrete size distribution
(see Fig. 4B in the online Data Supplement). The results
were consistent with those obtained for the healthy
controls.

The donor-specific and recipient-specific mtDNA
molecules were determined depending on whether an
mtDNA molecule harbored the donor-specific or recipient-
specific variants (Fig. 1B). A median of 6285 donor-specific
(range, 1128–75503) and a median of 60163 recipient-
specific (range, 26136–134104) mtDNA molecules were
identified. We further used the end signatures of enzyme
cleavage to differentiate linear (carrying no or 1 enzy-
matic cleavage end) and circular mtDNA (carrying 2 en-
zymatic cleavage ends). As shown in Fig. 3 here and in
Table 2 of the online Data Supplement, the proportion
of circular mtDNA among donor-specific mtDNA mol-
ecules (i.e., liver-derived; median proportion, 9%; range,
2.8%–25%) was much lower than that among recipient-
specific mtDNA molecules (i.e., hematopoietically de-
rived; median proportion, 88%; range, 77%–93%). In
other words, the median proportion of linear mtDNA
was 91% (range, 75%–97%) among donor-specific
mtDNA molecules. These observations suggested that
liver-derived mtDNA molecules in plasma were predom-

inantly linear, whereas the hematopoietically derived
mtDNA molecules were mainly circular.

We also analyzed 1 case with bone marrow trans-
plantation that was a sex-mismatched transplant. On the
basis of Y chromosome reads, we deduced the donor
DNA fraction in the recipient’s buffy coat DNA and
plasma DNA. As a result, the donor DNA fraction was
measured to be 99% in the recipient’s buffy coat DNA,
suggesting the donor’s hematopoietic stem cell had en-
grafted and virtually fully reconstituted the recipient’s
hematopoietic system. The donor DNA fraction was
measured to be 84% in the recipient’s plasma DNA,
suggesting the transplanted hematopoietic system be-
came the major contributor for the recipient’s plasma
DNA.

Thirty-seven informative variants in the mitochon-
drial genome were found to be able to differentiate the
donor and recipient of the bone marrow transplant case
(see Methods in the online Data Supplement). There
were 51729 mtDNA molecules carrying donor-derived
genetic signatures. Because of the nearly complete bone
marrow engraftment, such mtDNA molecules were thus
deduced to be hematopoietic in origin. Among the
donor-derived, hematopoietically derived mtDNA mol-
ecules, 86% showed BfaI cleavage sites at both ends.
Thus, these data showed a preponderance of circular

Fig. 3. The proportions of circular mtDNA molecules in
plasma of transplantation recipients.
The proportion of circular-derived mtDNA in donor-derived and
recipient-derived mtDNA pools. The recipient-derived (i.e., hema-
topoietically derived) mtDNA molecules in plasma samples of
liver transplantation recipients were mainly circular. The data
from the bone marrow recipient showed a consistent conclusion
whereby the majority of the hematopoietically derived mtDNA
molecules (in this context being the donor’s mtDNA) were of the
circular form.
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mtDNA of hematopoietic origin. In contrast, among
3280 recipient-derived mtDNA molecules (i.e., nonhe-
matopoietically derived), only 21% carried BfaI cleavage
sites at both ends (see Fig. 3 here and Table 2 in the
online Data Supplement). Thus, the data from the liver
transplantation and bone marrow transplantation scenar-
ios (see Fig. 3 here and Table 2 in the online Data Sup-
plement) were consistent.

mtDNA fragments that could be directly detected
by sequencing without restriction enzyme digestion were
likely to be the spontaneously occurring linear mtDNA
molecules. Therefore, we expect that the mtDNA mole-
cules detected by sequencing without enzyme digestion,
e.g., with the use of standard library preparation proto-
cols, would be liver-derived. As shown in Fig. 4A, we did
observe a strong positive correlation (r � 0.83; P �
0.0008) between the percentage of mtDNA in all se-
quenced fragments (i.e., including nuclear DNA and
mtDNA) using targeted sequencing in the present study
and the liver DNA fraction deduced from nuclear DNA
using single-nucleotide polymorphism sites information
and nontargeted sequencing as previously reported (22 ).
Intriguingly, donor-derived DNA fractions were much
higher among mtDNA molecules (median, 74%; range,
10%–98%) than nuclear DNA molecules (median, 5%;
range, 1.8%–40%) (P � 0.0001; Mann–Whitney U-
test; Fig. 4B). These data were consistent with the fact
that liver cells are known to have high mtDNA content
(18 ).

SIZE PROPERTIES

First, we were interested in the size profiles of the linear
mtDNA molecules that were preexisting or spontane-
ously occurring in the plasma. We compared the size

profiles between liver-derived and recipient-derived
mtDNA molecules in plasma DNA samples of liver
transplantation recipients without the restriction enzyme
digestion. We pooled the sequenced mtDNA fragments
from all individuals with liver transplantation in the same
group to obtain a pooled size profile (Fig. 5A). We noted
that the characteristic peak at 166 bp was not observable
in plasma mtDNA (Fig. 5A) and that the size distribution
was skewed toward having increased frequency of short
mtDNA fragments as compared with nuclear DNA (Fig.
5A). All these observations were consistent with the char-
acteristics of plasma mtDNA in previous studies (1, 3 ).
The hematopoietically derived mtDNA were seemingly
longer than liver-derived mtDNA (i.e., donor-derived) in
samples without the enzyme treatment (see Fig. 5 in the
online Data Supplement). The tendency of the length-
ening of hematopoietically derived mtDNA agreed
with the nuclear DNA size patterns in which recipient-
derived nuclear DNA was longer than the DNA mol-
ecules from the liver donor. One patient with bone
marrow transplantation gave consistent results regard-
ing the mtDNA size profile (see Fig. 5 in the online
Data Supplement).

With restriction enzyme digestion, the recipient-
derived mtDNA in samples with liver transplantation
displayed dramatically changed size distributions
showing nonuniform profiles with discrete sporadic
spikes at mtDNA lengths up to 550 bp (Fig. 5B), in
contrast to the relatively smooth log-normal size pro-
file of mtDNA in samples without the restriction di-
gestion (Fig. 5A). However, there were no major
changes in terms of size profiles of liver-derived
mtDNA (i.e., donor) as well as circulating nuclear
DNA with or without restriction enzyme digestion.

Fig. 4. Fractional concentrations of mtDNA in plasma DNA samples without restriction enzyme digestion.
(A), Linear correlation between the percentage of mtDNA among all plasma DNA fragments and liver DNA fractions estimated using circulating
nuclear DNA. (B), Comparison of the proportion of donor DNA fractions between plasma nuclear DNA and mtDNA.
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These data further supported the notion that nonhe-
matopoietically derived mtDNA molecules were
mainly linear, whereas hematopoietically derived
mtDNA molecules were mainly circular.

Discussion

In the present work, we demonstrated the biological in-
sights that can be obtained through the topologic analysis
of plasma DNA. We developed an approach for topo-
logic analysis of mitochondrial DNA to simultaneously
detect and quantify the linear and circular forms of
mtDNA in plasma. Our data revealed that the linear and
circular mtDNA coexisted in plasma, and molecules de-
rived from certain tissues were associated with particular
topologic forms of cell-free mtDNA. As mitochondrial
DNA was originally present as a circular molecule of 16.5
kb, the linear forms can be regarded as fragmentation
products. Hence, one can also regard the present study
as an investigation into the fragmentomics of plasma
mtDNA. In the specific scenario of mtDNA, this frag-
mentation is accompanied by a change in topology. For
other types of plasma DNA, e.g., genomic DNA mole-
cules that are originally in the linear form, such fragmen-
tation would not be associated with a change in topology.
Hence, we believe that the terms fragmentomics and to-
pologics convey distinct concepts and, thus, have justifi-
cations to be both used in the field.

Studying the plasma of liver transplantation and
bone marrow transplantation recipients led to a realiza-
tion that the nonhematopoietically derived mtDNA

molecules were mainly linear, whereas hematopoietically
derived mtDNA molecules were mainly circular.

Many previous studies using massively parallel
paired-end sequencing showed that the size profile of
circulating mtDNA lacked the nucleosomal patterns that
were characteristic of circulating cell-free nuclear DNA.
For circulating cell-free nuclear DNA, the most fre-
quently observed DNA size was at around 166 bp, with a
series of smaller peaks about every 10 bp apart (1, 3 ). The
lack of nucleosomal patterns in circulating mtDNA was
believed to be because of the lack of histone-bound chro-
matins in the mitochondrial genome (1, 3 ). The ratio of
circulating mtDNA to nuclear mtDNA revealed by mas-
sively parallel sequencing (approximately 1) (3 ) was mul-
tiple orders of magnitude lower than that quantified by
qPCR (approximately 105) (23 ). We believed such a ma-
jor discrepancy in circulating mtDNA quantification re-
sulted from the inability of standard sequencing proto-
cols to detect the circular intact mtDNA. qPCR could
readily detect the circular intact mtDNA. On the other
hand, standard massively parallel sequencing might be
more effective in detecting the preexisting linear mtDNA
fragments, whereas qPCR could detect only the subset of
linear fragments that are longer than the intended ampli-
con. In this study, we revealed that liver-derived mtDNA
molecules were mainly in the linear form. This realization
might help to explain the apparent discrepancy in the
literature regarding the quantitative aberrations of circu-
lating mtDNA content in hepatocellular carcinoma pa-
tients, which was reported to be increased when mea-

Fig. 5. Size profiles for mtDNA and nuclear DNA molecules in plasma of liver transplantation recipients.
(A), Size distributions for plasma DNA samples of liver transplantation recipients without restriction enzyme treatment. (B), Size distributions
for plasma DNA samples of liver transplantation recipients with restriction enzyme treatment.
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sured by massively parallel sequencing (3 ) but found to
be reduced when assessed by qPCR (24 ).

Newell et al. used 2 PCR assays to amplify 2 long
amplicons that allowed mtDNA haplotyping to be per-
formed (25 ). However, their data demonstrated only the
existence of at least some plasma mtDNA molecules car-
rying the primer binding sites, and not the existence of an
entire circular mtDNA in plasma.

On the basis of qPCR-based quantification of circu-
lating mtDNA, Chiu et al. found a progressive reduction
of mtDNA content when plasma was processed with fil-
ters varying from largest to smallest pore sizes (15 ),
shedding light on the 2 possible forms of mtDNA present
in blood circulation, namely, particle-associated and
non–particle-associated mitochondrial DNA. Compared
with the previous qPCR assays, our current work not
only supported the coexistence of 2 forms of circulating
mtDNA, but also allowed simultaneous assessment of the
relative proportions of linear and circular forms of
mtDNA as well as revealing their relationships with the
tissues of origin. A number of possible reasons may be
postulated to explain how the circular mtDNA might be
protected from degradation in plasma. First, mtDNA is
thought to be generally packaged into nucleoids by the
Abf2/TFAM (transcription factor A, mitochondrial)
family of HMG (high mobility group) box proteins (26 ).
Such mtDNA binding proteins might potentially in-
crease the stability of circular mtDNA in plasma. A sec-
ond possible reason would be that the circular mtDNA
molecules might be protected in a “vehicle” such as plate-
lets, exosomes, or intact mitochondria in plasma. It is
possible that the current centrifugation protocol might
not completely remove such protective vehicles from
plasma.

One possible explanation for the production of lin-
ear mtDNA from the liver is that the liver might enrich
enzymes that could digest mtDNA before its release into
the circulation. For example, recently it has been re-
ported in a mouse model that the nuclease DNASE1L3
plays an important role in plasma DNA fragmentation
(13 ). Interestingly, the Dnase1l3 and DNASE1L3 genes
in mice and humans, respectively, were selectively ex-
pressed in certain tissues, including the liver (27 ).

The majority of liver-derived mtDNA (a median of
91%) was found to be linear, and a substantial propor-
tion of linear mtDNA (a median of 62%) originated
from liver cells. The high abundance of liver-derived cir-
culating mtDNA might be related to the high mitochon-
drial content of liver cells (approximately 6000 copies)
(18 ) that is much higher than that of peripheral nucle-
ated blood cells (approximately 50 copies) (17 ). Further-

more, the positive correlation between the abundance of
circulating linear mtDNA and the abundance of liver-
derived cell-free nuclear DNA suggests that circulating
linear mtDNA might serve as a biomarker for monitoring
liver function. Therefore, this new realization is consis-
tent with previous data demonstrating that circulating
mtDNA quantity was increased in the plasma of patients
with hepatocellular carcinoma (3 ). It would be interest-
ing to study plasma mtDNA topology in patients with
different types of organ transplantation, including lung,
heart, and kidney transplantation.

The size lengthening of hematopoietically derived
mtDNA molecules observed in this study was consistent
with the conclusion obtained in a previous study for lung
transplantation (28 ). Interestingly, such size changes as-
sociated with tissues of origin also have been reported in
studies on circulating nuclear DNA molecules (1, 3, 29 ).

Thus, this study has demonstrated the power of to-
pologic analysis of plasma DNA. Future studies using
similar approaches might reveal other topologic forms of
cfDNA in plasma and other bodily fluids.
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