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Familial clustering without any prerequisite knowledge
becomes often necessary in Behavioral Science, and
forensic studies in case of great disasters like Tsunami
and earthquake requiring body-identification without
any usable information. However, there has been no
well-established method for this purpose although con-
ventional ones such as short tandem repeats (STR) and
single nucleotide polymorphism (SNP), which might be
applied with toil and moil to some extent. In this situa-
tion, we could find that the universal genome distance-
measuring method genome profiling (GP), which is made
up of three elemental techniques; random PCR, micro-
temperature gradient gel electrophoresis (WTGGE), and
computer processing for normalization, can do this pur-
pose with ease when applied to mouse families. We also
confirmed that the sequencing approach based on the
ccgf (commonly conserved genetic fragment appearing
in the genome profile) was not completely discriminative
in this case. This is the first demonstration that the fam-
ilial clustering can be attained without a priori sequence
information to the level of discriminating strains and sib-
ling relationships. This method can complement the con-
ventional approaches in preliminary familial clustering.
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The genome sequence can be powerfully used for effec-
tively confirming or refuting alleged familial relationships,
which had previously been addressed by phenotype-based
methods such as finger-prints, teeth shape/alignment, and
blood types. Up to now, the genetic variation analysis has
enabled us to do the parentage testing in civil and criminal
investigations, disaster victim and missing person identifica-
tions, and other forensic and clinical purposes. However,
with all genotyping methods such as AFLP (amplified frag-
ment length polymorphism), RAPD (random amplified poly-
morphic DNA), STRs (short tandem repeats) and SNP (sin-
gle nucleotide polymorphism)'=, familial clustering without
any prerequisite knowledge (familial clustering is a concept
that those individuals as belong to the same family line are
binned in the same box) has never been established. The reli-
able and general genotyping techniques must have the prop-
erties of: i) being universally applicable, if) being robust in
testing low-quality samples and, iii) being sufficient in the
information amount to provide.

The most acknowledged approach for familial clustering
is currently the STR method®#, which is based on the ge-
netic polymorphism in the repeat number of particular short
sequences®. Since around 20 different loci in the human ge-
nome have been assigned for this purpose, this approach can
be readily performed only by running PCR and gel electro-
phoresis and can identify individuality uniquely and calcu-
late the relative closeness from the degree of correspondence
(the number of matched loci out of the total loci examined)
so as to build up the familial relationship. In this process, the
detailed information of homo/heterozygosity can be utilized
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for confirmation of assignment. However, in the STR method,
information of point mutation in the genome is not posi-
tively used though it often behaves as an obstacle occurred
at the primer binding site with the signal band vanishing’.
On the other hand, the GP method exploits the point muta-
tion contained in the genome sequence and calculates the
genome distance to obtain the relationship of different ge-
nomes (organisms). Besides, the GP method can be per-
formed without any preceding information on the genome
such as STR loci and their primer sequences. In other words,
it can be applied directly to any organisms, of which the
genome sequence is available or not. These are the biggest
methodological differences between two approaches. Be-
sides, the STR analysis is applicable to a limited number of
species which are well-investigated such as human being
and mouse. For the wild life research for a particular species,
STR becomes possible after having been available of its
genome sequence. Obviously, sequencing-based approaches
such as 16S/18S rDNA sequencing and MLST (multi-locus
sequence typing) require the purified DNAs and time-
consuming processes as a standard protocol. From these
reasons, a general and reliable familial clustering method
has not been presented till now.

In this context, the GP (genome profiling) method, which
comprises three main steps: (i) random PCR, (i) phTGGE
(Micro Temperature Gradient Gel Electrophoresis) and (i)
computer-aided normalization (which are explained in detail
in Materials and Methods) and has been applied to species
identification of various taxa and groups of organisms (bac-
teria®, fungi®, protozoa'?, insects'!, vertebrates'?, and plants'?®)
together with measuring the genome distance for mutagen
assay'* and others'®, was novelly explored for this purpose.
Through these steps, a parameter called genome distance
(being equivalent to the difference in genome sequences)
can be obtained and was exploited to examine the familial
clustering. In this study, two lines of experiments were per-
formed rearing experimental mice with our novel approach.

Materials and Methods

Genome Profiling (GP)

The GP method consists of three main steps: /) random
DNA sampling from the genomic DNA by random PCR'®"7,
2) extraction of the DNA sequence information without
sequencing but with the U TGGE (micro temperature gradi-
ent gel electrophoresis) method'®, and 3) computer-based
data processing as to the genome profiling pattern for obtain-
ing the normalized values, spiddos (species identification
dots)"?. Random PCR involves the PCR starting with mis-
match or bulge-containing primer-template hybrid structures
and performs random sampling from the whole genomic
DNA (see Supplementary Fig. 1). Next, random PCR prod-
ucts are processed by pnTGGE, resulting in sequence-specific
DNA melting profile for each DNA. The mobility transition
point of each of the DNA band in a genome profile can be

denoted as ‘featuring point’ and corresponds to the initial
DNA melting. These featuring points are then subjected to
the computer aided normalization utilizing internal refer-
ence points to generate spiddos'. Each coordinate of a
spiddos is unique, made of two factors temperature and
mobility. A set of spiddos (~10 points) are proven to provide
a sufficient amount of information for identifying species'.
A set of spiddos of two genomes are compared and reduced
to PaSS (pattern similarity score) as follows (for details see
Supplementary protocol and Supplementary Fig. 2)
‘ PO _ Em‘

i

1
PaSS =1 nz"'l‘é("‘+‘é(2)‘ [1]
Here P and P.® represent the normalized positional vec-
tors (function of temperature and mobility) for spiddos PV
and P® from genome (1) and genome (2) respectively, while
i designates serial number of spiddos. PaSS will be 1 for a
complete match in two sets of spiddos. In general,

0<PaSS<1. (2]
A measure of genome distance d, can be derived from PaSS:
d.=1-PaSS (0<d,<1) [3]

Higher the d_ value, higher the distance between two
genomes. In other words, d, value is 0 for a perfect match
and near 0 for members of the same species.

Samples and their DNA

All blood samples were obtained from three Mus mus-
culus families of strains SKC/Stm (n=8), A/JmsSlc (n=3),
and C3H/HeSlc (n=5) reared at Research Institute for
Clinical Oncology, Saitama Cancer Center (Japan) (Fig.
1A). In another independent experiment for single family-
multigeneration genome analysis blood samples of four gen-
erations of a single growth-retarded (grt) mouse (originally
derived from DW/J strain of mouse®) family (n=31) were
obtained from the Department of Regulatory Biology,
Saitama University (Fig. 3A, and Supplementary Table 1).
DNAs from all of the samples were extracted using Dr.
GenTLE DNA extraction Kit (Takara Bio, Japan) follow-
ing the manufacturer’s protocol. The three distinct mice
families’ genome analysis experiments were covered by the
permission of Regulation on Animal Experimentation at
Saitama Cancer Center. This study was carried out in strict
accordance with the Guidelines for the Care and Use of
Experimental Animals at Saitama University, Japan. All pro-
tocols for animal experiments were approved by the Saitama
University Institutional Animal Care and Use Committee.

Random PCR

Isolated DNA samples were randomly amplified using
PCR mix containing 200 uM dNTPs (N=G, A, T, or C),
0.5puM primer, 10mM Tris-HCl (pH8.3), 50mM KCl,
1.5mM MgCl,, 0.03 U/uL Taq DNA polymerase (Takara,
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Figure 1 GP-based familial relationship analysis (Series 1) of three mouse families. (A) Pedigree charts of three distinctive mouse families
used. Total 16 samples of three Mus musculus families of strains SKC/Stm (n=8), A/JmsSlc (n=3), and C3H/HeSlc (n=5) of a known pedigree were
analyzed by GP. Familial clustering of samples amplified by primers (B) pfM 3, (C) pfM 12, and (D) pfM 19. (E) Combined genome distance-based
clustering result of 3 different probe experiments. All the trees were constructed using d,; matrix data in DendroUPGMA web utility with Pearson

coefficients and visualized using TreeView software.

Japan). All of the PCR mix contents except template DNA
were treated with UV irradiation for 8 min in a laminar air
flow, prior to the preparation of PCR master mix. In the
first experiment, three different primers pfM 3, pfM 12, and
pfM 19 were tested (sequence information in Table 1) for
familial clustering of mice (16 individuals) from three dis-
tinctive mouse families. In another genome analysis of a
single family-multigeneration, 31 samples of four genera-
tions of a single mouse family were dealt and their DNAs
were amplified using pfM 12 primer. In case of pfM 12 and
pfM 19, the standard random PCR conditions were applied
(30 cycles of denaturation at 94°C for 15s, annealing at
30°C for 30s, and extension at 50°C for 30 s) using a Bio-
Rad C1000 Touch thermocycler (Tokyo, Japan) whereas for
the primer pfM 3-dependent random PCR, a modified ther-
mal cycle program consisting 30 cycles of denaturation at

94°C for 30, annealing at 26°C for 60 s was used for the
sake of obtaining an appropriate number of DNA bands.

Micro-TGGE and data processing

Random PCR products were analyzed by pTGGE, a
miniaturized version of TGGE (Temperature Gradient Gel
Electrophoresis)'®. A slab gel [6% (w/v) denaturing poly-
acrylamide gel (acrylamide : bis =19 : 1) comprising 500 mM
Tris-HCI, 485 mM boric acid, 20 mM EDTA (pH 8.0) with
8 M Urea] of size 1 inchx1 inch was used'®. The PCR prod-
uct was loaded on the top of gel along with two internal
reference DNAs: i) internal Refl of 200-bp, (a 191-bp frag-
ment from the bacteriophage fd gene VIII, sites 1350~1540
attached to a 9-bp sequence, CTACGTCTC, at the 3’-end;
T of 60°C under the standard conditions) and ii) internal
Ref2 of 900-bp taken from pBR322 (T, of 61.4°C under the
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Table 1 Sequence information of primers used in this study

No. Primer Name Nucleotides 5'—3' Sequence? Purpose
1. pftM 3 12mer CY3- CTGGATAGCGTC Genome Profiling
2 pftM 12 12mer CY3- AGAACGCGCCTG Genome Profiling
3. pftM 19 12mer CY3- CAGGGCGCGTAC Genome Profiling
4. mcF 22mer GTCAGTCCTCAGTGTCACATTA CCGF amplification
5 mcR 18mer CCACAGACACAGAACTGG CCGF amplification

*CY3 is a fluorescent dye labeled at 5" end of each oligonucleotide.

standard conditions) and subjected to electrophoresis with
a uTGGE apparatus Micro TG (Taitec, Japan) at 100V for
10 min. The loaded sample DNA was migrated under the
temperature gradient of 15°C—65°C set perpendicular to the
direction of migration. The DNA bands were visualized with
either intrinsic fluorophor CY3 or nucleic acid stain SYBR
gold using a fluoroimager Molecular imager FX (BIO-RAD,
USA). A set of featuring points, corresponding to the initial
DNA melting point of each double-stranded DNA, were
manually extracted from each genome profile. Initial transi-
tion points of internal reference bands of a known melting
pattern were used to normalize each featuring point to obtain
‘spiddos’ of normalized temperature and mobility. PaSS
values were calculated in microTGGE software and d
(genome distance) values were derived. Clustering was per-
formed using d_ applying to DendroUPGMA web utility
(http://genomes.urv.cat/UPGMA/) with Pearson coefficients?®!
and visualized using TreeView software’>. For the single
family-multigeneration genome analysis, the UPGMA method
in phylip-3.69 and MEGA 5.1 viewing software? were used
as an identical alternative.

CCGEF sequencing

CCGFs are defined as the corresponding DNA bands
observed in different species genome profiles as close band
patterns (similar melting temperature and mobility)®. These
are assumed to originate from the corresponding genetic
locus (ortholog, paralog, and like). Here, an around 300 bp
band commonly appearing in all of the pfM 19-amplified
samples was selected as a possible ccgf (Supplementary
Fig. 3). The corresponding DNAs were collected basically
following the procedure previously described®. The result-
ing PCR products were ligated to pGEM-T Easy Vector
(Promega, Japan) at 4°C for overnight and then transformed
in E. coli DH5a competent cells (Toyobo, Japan) and cloned.
The plasmid DNAs purified using Wizard™ Plus SV Mini-
preps DNA Purification System (Promega, Japan) were
commercially sequenced (Operon Bio-Technology Co., Ltd.
Japan) and manually analyzed using BLASTn against NCBI
mouse genome database.

Based on the sequence thus obtained, specific primers
mcF (forward) and mcR (reverse) (Table 1) were designed.
All of the 16 samples were specifically PCR amplified using

PCR mix containing 200 uM dNTPs (N=G, A, T, or C),
0.5 uM primer mcF, 0.5 uM primer mcR, 10 mM Tris-HCI
(pH 8.3), 50 mM KCl, 1.5mM MgCl,, and 0.03 U/uL Taq
DNA polymerase with 30 cycles of denaturation at 94°C for
30s, annealing at 61°C for 60s, and extension at 72°C for
60s. PCR products were purified using PCR product purifi-
cation kit (Quiagen) and commercially sequenced (Operon
Bio-Technology Co., Ltd.).

Analysis of sequencing results

Sequences obtained for ccgf analysis were analyzed by
MUSCLE alignment* and phylogenetic trees were drawn by
neighbor-joining method using MEGAS.1 software®.

Results and Discussion

The familial clustering has been a hard work to perform,
which is often desperately required in such situations as
disasters (Tsunami, earthquake, airplane crash, etc.) gener-
ating a large number of victims unidentified®*. From the
view of science, elucidation of the familial relationship
among the observing field-animals such as monkeys is
important especially for Behavioral and Resource Sciences?’.
Among the various techniques of AFLP', RAPD? STR*,
SSCP?, and others, one of the most reliable and popular
approaches is to depend on the STR method for forensic
field and the 18S rDNA sequencing method for pure and
applied sciences. However, these approaches require a huge
amount of cost-and-labor to perform and, yet, often end in
leaving works unfinished®?’. In this stream, the genome
profiling (GP) method has already shown its potential to
identify species in general®'’.

However, the applicability of GP to the most detailed
familial relationship (that is, pedigree) analysis has not been
clarified, which is the point for the above mentioned purpose
(especially, application to disaster cases). Therefore, this
paper directly examined the possibility of familial clustering
using three distinct mouse families (mutually inbred) and
then a mouse family consisting of four successive genera-
tions (mutually congenic).

As shown in Figure 1, the members of the three mouse
families of SKC/Stm, A/JmsSlc, and C3H/HeSlc strains
were all clustered conforming to their pedigrees by all of
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10 TTTCTAGAG - (10-57)- TTTGACTC - (66-75)- AGAA -(80-127)- AGTT-CT - (135-145)
11 TTTCTAGAG -(10-57)- TTTGACTC - (66-75)- AGAA - (80-127)- AGTT-CT - (135-145)
12 TTTCTAGAG - (10-57)- TTTGACTC - (66-75)- AGAA - (80-127)- AGTT-CT - (135-145)
13 TTTCTAGAG - (10-57) - TTTGACTC - (66-75)- AGAA - (80-127)- AGTT-CT - (135-145)
14 TTTCTAGAG - (10-57)- TTTGACTC -(66-75)- AGAA -(80-127)- AGTT-CT - (135-145)
15 TTTCTAGAG - (10-57) - TTTGACTC - (66-75)- AGAA -(80-127)- AGTT-CT - (135-145)
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Figure 2 CCGF sequencing analysis of three mouse families. (A) Partial ccgf sequences aligned by MUSCLE. (B) CCGF sequence-based
clustering of samples of three mouse families. Here, only partial sequences with difference among samples are shown for clarity. Letters in red
indicate point mutations. Clustering tree is drawn by neighbor-joining method with 1,000 bootstraps in MEGA 5.1 software. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches.

three kinds of probe; pfM 3, pfM 12, and pfM 19 (Fig. 1B-D,
see corresponding d _-matrix data in Supplementary Table 2,
Supplementary Table 3, and Supplementary Table 4 respec-
tively). Naturally, the clustering based on the average
genome distance obtained from these three probe results,
could generate a tree with three families discretely separated
as expected (Fig. 1E, see corresponding d -matrix data in
Supplementary Table 5). Since each probe must have col-
lected different portions of genomic DNA', the detailed
relationship within a family is not the same among the three
trees. In the sense of statistical reliability, the result of the
three probe average is, naturally, most reliable. Even so, the
fact that the single, simple run of the GP experiment could
succeed in generating the three family discriminative clus-
tering is very promising and useful. For comparison, regard-
ing these mouse families, we have investigated the possi-
bility of sequencing-based clustering with GP-derived ccgf

(commonly conserved genetic fragments)® sequencing anal-
ysis. We also tested conventional 18S rDNA sequencing, but
it failed to discriminate between families (Supplementary
Fig. 4) supporting its less polymorphic nature.

Following the ccgf protocol®, ~300-bp DNA band com-
monly appearing in all of the pfM 19-amplified genome pro-
files was extracted and sequenced. Thus obtained sequence
was analyzed by BLASTn against NCBI mouse genome
database, hitting the sequence of ID: ref[NC _000067.6| and
sequence range: from position 125778705 to 125779000
from M. musculus strain C57BL/6]J chromosome 1
(GRCm38.p1 C57BL/6J featuring G-protein coupled recep-
tor 39). Based on this ccgf sequence, specific primers were
designed so as to cover a 145 bp part of this. The sequences
obtained for 16 mice samples were aligned by MUSCLE and
a phylogenetic tree was drawn by neighbor joining method
(Fig. 2A and 2B). In this case, the clustering was successful
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Figure 3 Single family-multigeneration genome analysis (Series 2) by GP. (A) Pedigree chart of four generations (FO, F1, F2, and F3) of a
single mouse family. Here, male and female samples are indicated by square and circle, respectively. Each parentage is shown by one of P ~P,, P,
and P . That is, samples filled with the same color share the same birthdate and parents. Samples 10 to 13 (P, parentage) and 15 to 22 (P, parentage)
share the same father but the identity of mother is unknown. (B) d -based clustering of 31 samples constructed using UPGMA method in phylip3.69
and MEGAS.1 software. P shows the mother and daughter relationship liked by the parentage line P,. The sub-clustering within a same parentage

is shown with the additional alphabet like P, jand P .

in principle though the separation of families 2 and 3 is not
so discrete. This is rather surprising since the size of DNA in
this ccgf analysis is very short (145 bp: actually a portion of
GPCR39 of mouse) which is quite arbitrarily selected and
has no reliability established.

This fact is, in a sense, very interesting since there are
some unidentified sequences that are more appropriate in use
of classification-purpose though it is hard to know a priori.

It is also evident that the amount of information provided
by a single sequencing of these sizes cannot offer sufficiently
reliable results, requiring more amount of sequencing like
whole genome and exome sequencing®'. This means that the
already labor-demanding process becomes more compli-
cated, costly, and laborious. On the other hand, the GP
approach is so simple and ready for strengthening reliability
as it requires only additional, similar experiments using the
other arbitrary primers (~10nts) if the higher reliability is
needed (theoretically, the more probes, the more reliability).

We further examined the effectiveness of the GP-based
familial clustering by applying it to another mouse family
consisting of four generations as shown in Figure 3A. In this
case, a single run of the GP experiment using the pfM 12
probe could clarify most of the familial relationships, espe-
cially the same sibling relations (P ~P,, P , and P in Fig.

3B). Namely, those siblings born from the same parent

(mother and father) were shown closely clustered inde-

pendently without preceding knowledge. More close obser-

vation of this clustering result indicates:

i) Siblings sharing the same birthdate (Supplementary
Table 1) are clustering together with exception of sample
18. However, upon considering the fact that same birth-
date does not mean the same parentage in this case, the
exceptional case may be rationalized somehow and thus,
this result of genome profiling-based clustering is quite
promising and intriguing for a preliminary clustering of
a large number of members.

ii) The first generation (FO) clustered separately from the
other three generations. This grouping may seem to be
inadequate since the obvious separation from those indi-
viduals closest in the familial tree (such as siblings under
the P, path). However, if we consider that the GP method
provides the genome distance-based closeness measured
by a particular probe, we notice that it cannot be the
same with the actual familial relationship since each
probe provides a different aspect of the genome distance
and the true one will be the limit average of the genome
distances obtained with all types of probes. Eventually,
we may have to be satisfied with the result which is topo-



logically correct (i.e., actual distance may not be cor-
rect).

iii) Although the parent-progeny relationships are hard to
interpret from this clustering, this may be due to com-
plex and interweaving relationships in the current pedi-
gree of four generations. Despite this complexity, GP has
successfully extracted the relationship information for
some of the parent-progeny pairs: sample 14 is cluster-
ing with its mother (sample 2) and showing a distant
relationship with the rest (differently mothered-siblings).
Samples 10 and 13 are reasonably showing relative
closeness to FO generation. On the other hand, sample 17
(making a cluster with its sibling sample 15) is clustering
in proximity of its progeny cluster (F3 generation).
Similarly, sample 23 and 24 of F2 generation are also
showing short genome distance with their father (sample
8).

iv) The distance between generations FO and F3 depicting
great grandparent-great grandchild relationship is evi-
dent from this cluster.

It is quite fascinating that such interpretations can be
drawn without using popular molecular markers or any
sequence information of samples, which can be utilized
complimentarily for confirmation of results.

The current GP approach did not pay any attention to the
nature of homo/heterozygosity of the genomes. The hetero-
zygous DNA bands appear in the genome profile typically
as two transitions from the same mobility DNA band (see
Supplementary Fig. 5), of which the rightmost transition
(i.e., the transition occurring at the higher temperature) is
conventionally adopted as a representative one out of the
DNA sequence of that size. This is reasonable from the
viewpoint to collect as many as differently sequenced DNA
bands for the representative of a particular genome. In addi-
tion, this principle can make us possible to avoid uneven
counting of a particular locus in the genome resulting from
the difference of homo- and heterozygosity (i.e., for both
cases of homo- and heterozygosity, only a single spiddos is
allotted one of the two for hetero and the overlapped one for
homo). Empirically, there is almost no chance to meet the
case where two DNAs of quite different sequence appear in
the same size™.

This important fact can be briefly explained from the
probability viewpoint: in random PCR, the input primers are
consumed up for generation of the dominantly amplified
DNA fragments (say, top 10)'¢. Therefore, there is a compe-
tition among possible DNA fragments which can be ampli-
fied in random PCR. Those fragments which can be initiated
by the relatively stable binding of primers to the template
DNA (for both directions; thus can be evaluated by the sum
of the AG for the forward and reverse primer binding struc-
tures) can be more abundantly amplified'é*2. In this com-
petition, there are usually more than hundreds of different
sized DNA fragments (which depends on the resolution of
gel electrophoresis; typically it can discriminate the differ-
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ence of less than 3% in the length so that more than 100
discriminable DNA bands in the range of 50 to 1000 bp can
be found). Hence, the probability of finding two DNAs of
the same length is very rare in this competition. However,
interestingly, heterozygous alleles can be easily observed as
indicated above (Supplementary Fig. 5) due to the close sta-
bility of those sequences (only point mutation in general). As
a result, in the GP method, the homo-/heterozygosity prob-
lem can be evaded though it still holds the potential to utilize
such information by an additional secondary treatment.

The technology for the mass disaster case cannot require
any extra information and can extract information only from
victims themselves due to unavailability of relevant infor-
mation on the relationship of each victim unless phenotypic
traits and belongings can be employed. The STR method
may pose difficulty in quantitative analysis of such cases due
to requirement of prior information and increase in com-
plexity of allelic differences among large number of query
samples. The GP method holds promise in this field owing to
its simplicity, universality and non-dependence on prior
sample information (note that the pedigree was only used for
the confirmation of the final conclusion in our current study).
However, additional experiments are desired to determine its
familial clustering potential in real mass disaster incidents.

Conclusion

In the field such as familial relationship analysis, which is
often required of rapid and broad identification of samples,
the GP method was shown to be very potent. This is based on
the demonstration that only a single run of the GP experi-
ment (i.e., in a rapid and low cost manner) could cluster
three different mouse families discriminatively and also
cluster siblings of the same parent without a priori knowl-
edge, which has, to our knowledge, no precedent. Its univer-
sal nature combined with ease of handling and simple data
analysis makes it a suitable technique for preliminary famil-
ial relationship analysis when phenotypic and genotypic
information is not available.
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