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Multivariate statistical analysis on Japanese @

traditional papers, washi, for evaluation of DNA
presence and quality

Minsoo Shin' and Toshiharu Enomae”

Abstract

Traditional papermaking was a significant innovation that intrigued the information-sharing society in a wide range
of the globe. The importance of finding the historical background hidden behind the historical traditional paper

is critical to understanding societies in history. Advanced molecular biological research is applied to many forensic
studies to identify the origin and criminal events. Yet, biological research refrained from the heritage science of tra-
ditional papers due to its damage to the samples. The current study explores the Pearson correlation between DNA
in traditional paper and non-destructive measurement of characteristics of traditional paper. DNA concentration

and purity were found to have a proportional relationship based on the CIEL'a’b" color system. The color of the tra-
ditional paper was assessed assessment shows green and yellow rather than red and blue. The DNA concentration
demonstrated a positive linear correlation with the peaks of 992 cm™, 1599 cm™', and 1628 to 1638 cm™' region,
which were lignin-specific functional groups. The presence of lignin in traditional paper defines the colors green

and yellow, which is related to the presence of a cell wall. The quantity of cell walls present is linked to DNA survival
during the traditional papermaking process. Furthermore, the partial least square (PLS) regression model is estab-
lished. The prediction model based on DNA, paper properties, and smoothing + the second derivative preprocessed
attenuated total reflection-Fourier-transform infrared (ATR-FTIR) spectral data demonstrated valid purity predictions.
The evaluation parameter of the cross-validated prediction model contains a low Root Mean Square Error of Cross-
Validation (RMSECV) of 0.091 for DNA purity. The determination coefficient was close to 1. However, the further estab-
lishment of a validated DNA extraction methodology is required for the consistency of the prediction model for DNA
concentration. The hierarchical clustering analysis demonstrated the agglomerative dendrogram on traditional
paper samples. For the dendrogram, the Nasu paper mulberry (originating in northern Japan) was distinguished
from another paper mulberry (originating in southwestern Japan) by clustering. By multivariate statistical analysis,
the DNA presence and quality were predictable from the Japanese traditional papers. In addition, the clustering analy-
sis provided the possible origin of paper mulberry materials for traditional papers. Based on the preliminary informa-
tion, the need for DNA analysis on historical traditional paper can be determined.
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[1]. However, the form of paper existed before Cai Lun
developed his own papermaking methods. The Baquiao
is exposed to the first traditional plant tissue paper, and
the Western Han Dynasty’s Baquiao paper was found
in 1957 [1, 2]. Cai Lun is recognized for the dissemina-
tion of developed papermaking techniques rather than
being the inventor of paper [3]. Even with Cai Lun’s
paper propagation efforts, the history of traditional
paper propagation is vague. The Korean papermaking
has been introduced as a modified technique from Chi-
nese papermaking technique. Yet, the written accounts
in historical documents remain unclear on how paper-
making spread from China to Korea [4]. It is assumed
that traditional Chinese papermaking impacted Tibetan
and Central Asian papermaking. In Dunhuang, a manu-
script of Tibetan records was found. It contains details
about invitation notes sent to Chinese imperial prin-
cesses from Tibet. This symbol dates back to the tenth
century [5, 6]. Papermaking was introduced into Cen-
tral Asia by the Tang empire between the seventh and
eighth centuries, according to Islamicate writers of the
ninth century. However, there is a possible historical
record that predates the seventh century [7]. Accord-
ing to Nihon Shoki (the Chronicle of Japan), a Korean
monk named Damjing (also known as Doncho) brought
traditional papermaking to Japan in the seventh cen-
tury [8]. However, it is debatable because Japanese
papermaking techniques already existed in many crafts
from the third to the fifth centuries [9]. Paper materials
and traditional papers were innovative tools in society.
Papermaking technology and the materials it uses had
a significant impact in East Asian countries comprising
Korea, China, Japan, and Thailand. However, imports
of paper mulberry have increased due to the rising cost
of paper mulberry cultivation and water usage during
traditional papermaking. While historical records ver-
ify these imports, scientific evidence remains limited.
The hybrid species of paper mulberry, in particular,
are not fully understood in the field of plant taxonomy.
The availability of genetic information in the traditional
paper may prove helpful in the unraveling of mysteries
regarding not only the historical propagation of tradi-
tional papermaking technology but also the biodiver-
sity of paper mulberry species [10]. Identifying fibers
in traditional papermaking has been difficult, especially
because paper mulberry with an age less than a year old
is used for traditional papermaking. Until recently, the
main method for identifying archaeological fibers was
microscopy, which could result in distorted interpreta-
tions [11]. Also, the concepts of traditional papermak-
ing influenced a wide geographical range. Thus, the
historical context behind traditional papermaking is
difficult to define with only a written record. Further
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scientific approaches to traditional papers are required
to provide scientific evidence for the historical context
of papermaking propagation in history.

DNA presence of traditional paper

One of the most important aspects of traditional paper-
making is the mildness of the procedures. The pulping
process in modern papermaking involves mechanical,
thermal, or chemical procedures. The wood materials
are treated with intense heat, pressure, and strong alkali
cooking liquors (kraft or sulfite processing) during the
process [12]. In traditional papermaking, the bast fiber
substance is treated with reduced heat, pressure, and a
weaker alkaline reagent (wood ash or lime) [8, 13, 14].
The mild conditions of traditional papermaking cause
less degradation in natural structure of fiber materi-
als. As a consequence, paper used for some traditional
documents was found to contain parenchyma tissue-like
structures between the fibers [15]. Furthermore, Abel-
moschus Manihot mucilage is added as dispersion aids
during paper production [16]. Individual bast fibers are
surrounded by the mucilage components during sheet
forming. The original fiber structures and constituents
within the fibers are distinctively preserved throughout
the papermaking processes until the end of traditional
paper production. The previous biodiversity research
indicates that, in addition to the high possibility of
remaining bast fiber DNA, analysis of traditional papers
is required for determining the historical importance of
understanding paper material and histories [17]. Regard-
less of species, the chemical specifications of the paper
mulberry vary, including fiber width and length. Because
of the surrounding environment, the paper mulberry will
have different characteristics that influence traditional
paper. Specific characteristics or componential differ-
ences can be used as element markers to determine the
origin of source materials. However, with the remaining
DNA from traditional paper, the precise location and
timeline of paper mulberry species will be estimated with
more precision.

Scientific research on traditional paper

Due to the historical value of traditional papers, a micro-/
non-destructive approach to measurement is important
in the heritage sciences. To assess the condition of tra-
ditional paper samples, qualitative readings were taken.
Previous research examined the properties of traditional
paper. Optical lenses and computation tools were used to
examine the optical densities and colors [18]. The com-
puted properties are saved in the digital collection for
future reference. Mossbauer spectroscopy was used to
evaluate the risk of deterioration due to hydrolysis and
oxidation [19]. UV-Vis Spectrophotometer, Scanning
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Electron Microscopy (SEM), X-ray fluorescence (XRF),
Near-Infrared (NIR), Fourier-transform infrared (FTIR),
X-ray Photoelectron (XPS), and Raman Spectroscopy
were used to determine the chemical and structural prop-
erties [20—-23]. For example, the fiber characterization in
ancient papers was developed by Pyrosis-Gas Chroma-
tography (Py-GC) and GC/Mass Spectroscopy for ana-
lyzing the lignin monomer of lignocellulose, organic and
inorganic materials [11, 24—27]. Those identified compo-
nents and compounds were utilized as chemical markers
for assessing historical document source materials and its
potential origin.

FTIR spectroscopy is an important method for the
identification of the material. Especially in heritage sci-
ences, traditional paper samples are applied for the mate-
rial composition. Based on the past research, the spectral
data were evaluated for their functional groups and prop-
erties. The attenuated total reflection instrument (ATR-
FTIR) is a key measurement in this research among many
spectroscopic methods. The infrared beam is reflected
and recorded without causing any harm to solid sam-
ples. To determine the component of a sample, the func-
tional groups and chemical structures of the sample are
detected. The FTIR spectra are preprocessed to remove
noise from the sample. Wandering data, uneven datasets,
and light scattering during measurement are examples
of potential noises. The most important preprocessing
for multivariate statistics is chosen from among several
methods for analysis and visualization. Multivariate sta-
tistical analysis is a mathematical evaluation used to
identify and forecast the relationship between numer-
ous variables. Many previous studies gave multivariate
statistics in addition to preprocessed spectroscopic data.
To evaluate lignocellulosic components in wood species,
historical papers, and bark-cloth, the correlation and par-
tial least square (PLS) methods are explained in previous
research [20, 22, 28-33]. The specific element marker is
evaluated with inductively coupled plasma-atomic emis-
sion spectroscopy/mass spectrometry (ICP-AES/MS)
and PLS-discriminant analysis for the metal and rare-
earth elements remaining in traditional paper in Korea
[10]. The Pearson correlation was used in this research
to determine a linear relationship between spectra and
other properties of paper and DNA concentration and
purity. A coefficient ranging from — 1 to 1 indicates nega-
tive to positive linear relationships. Furthermore, the PLS
regression model is created as a prediction model using
spectra and paper property data. In this research, the
PLS regression model on ATR-FTIR spectra and paper
properties is fitted to the DNA concentration and purity
prediction model. The Hierarchical Cluster Analysis
(HCA) is an unsupervised clustering learning technique
for identifying similar clusters of observations. The HCA
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is created by combining the collection of FTIR spectra
with squared Euclidean distance. For wood identification
study, the classification of wood was depicted as a den-
drogram [34]. Similarly, a dendrogram will be presented
for the cluster of traditional papers. The data obtained
through the non-destructive method is interpreted as a
potential guideline for handling unknown samples using
multivariate statistics. The prediction model will be used
as a guide, especially as a traditional paper with a high
historical value.

Traditional paper is highly likely to retain DNA within
the fibers [35—38]. The past background and propagation
of a paper material will be explained using genetic analy-
sis of DNA extracted from traditional papers. Depend-
ing on the precision of genetic markers, the DNA would
navigate to the origin of traditional paper component.
However, biological techniques are avoided in heritage
science due to its possible damages to the historical tra-
ditional paper. By understanding the molecular biological
approach to historical documents, it is essential to have
a non-destructive method for screening the possibility of
remaining DNA. Therefore, this study evaluated the con-
centration and purity of DNA using the non-destructive
method of ATR-FTIR spectra and the color of tradi-
tional paper. Therefore, multivariate statistical analysis
was applied to the data to demonstrate its applicability in
determining the possibility of DNA presence and distin-
guishing between traditional paper sources.

Materials and methods

Materials

The Broussonetia tree (Paper mulberry) was collected
and purchased from Daigo, Ibaraki, Japan. The tree sam-
ples were stored at — 20 ‘C for storage before lab-scaled
traditional papermaking. Commercial Traditional paper
samples (NW1-7) were purchased from Wagamido, a
Japanese paper shop, Saitama, Japan. Traditional paper
samples (X1-3, K—1-3, K+1-3) were provided by Ms.
Mashiko Endoh, Shiroishi washi studio. Other traditional
paper samples (Uel, Ue2, Nanl) were collected from the
personal collection of Mr. Takashima Akihiko, a technical
expert from Historiographical Institute, the University of
Tokyo, Tokyo, Japan. All basic information of traditional
paper samples was confirmed from the source of sam-
ples. The list of basic information of the traditional paper
is shown in Table 1.

Lab-scale traditional papermaking

The traditional papermaking was modified into lab-scale
traditional papermaking based on the procedure of tradi-
tional papermaking techniques [8]. The tree branch sam-
ple was steamed at 100 C for 3-5 h. The soft bark was
separated from the inner tree stem. The outer black bark
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Table 1 List of traditional papers used in current research

Traditional Paper Name Source material Broussonetia Origin Year of Production Referring Manufacturer
Number

Uejima-paper 1997-2000 Uel

Uejima-paper 1997-2000 Ue2

Yukyu-Paper Broussonetia X Nanto, Toyama <2017 Nan1 Nanto, Toyama

Kozo-Paper Meiji Era (1868-1912) X1

Kozo-Paper Edo Era (1603-1868) X2

Kozo-Paper Edo Era (1603-1868) X3

Mino-Paper Broussonetia X Nasu <2002 K-1 Mino, Gifu

Sekishu-Paper Broussonetia X Shimane <2002 K-2 Masuda, Shimane

Takano-Paper Broussonetia X Hosokawa, Wakayama <2002 K-3 Otsu, Shiga

Misu-Paper Broussonetia X+ Additive Kochi <2002 K+1 Yamato, Nara

Uda-Paper Broussonetia X+ Additive Kochi <2002 K+2 Yoshino, Nara

Ho-Letter (High-graded) Broussonetia X+ Additive <2002 K+3

Usumino-Paper Broussonetia X Nasu <2019 NW1 Mino, Gifu

Sekishuhan-Paper Broussonetia X Shimane <2019 NW2 Masuda, Shimane

Kaga-hosho (High-grade) Broussonetia X Kaga <2019 NW3 Kanazawa, Ishikawa

Hosokawa-Paper Broussonetia X Nasu <2019 NW4 Ogawa, Saitama

Honmino-Paper Broussonetia X Nasu <2019 NW5 Mino, Gifu

Akinikozo-Paper Broussonetia X Kaga <2019 NW6 Kanazawa, Ishikawa

Kigamikozo-Paper Broussonetia X <2019 NW7 Nanto, Toyama

Traditional paper names are translated to English alphabet. Blanks refers to no record, or unclarified information

(kurokawa) and green cambium (aohada) were scraped
off from the white innermost bark (shirokawa). The white
innermost bark was peeled and digested in 10% sodium
carbonate (FUJIFILM Wako Pure Chemical, Japan) in
1 L of distilled water. The digestion condition was con-
trolled at 100 ‘C for 3-5 h. The digested white bark was
rinsed with running distilled water to remove darker
spots from the white bark. The white bark was placed to
a wooden board, and hand-beaten by the experimenter
with a wooden hammer for 1 h. The beaten fibers were
dispersed in a water tank. The paper-forming tool called
a screen (su), which was used to assemble fibers into a
paper sheet. After enough fibers were retained on the
screen to make paper, the formed sheet was stacked on
top of the others. The stacked paper was pressurized
with different weights of objects, increasing its consist-
ency over 1 h. The stacked paper sheets were separately
attached to a wooden board for drying overnight. Dried
paper was stored within a desiccator with silica gel for
the removal of humidity.

DNA extraction

DNA extraction from traditional paper samples was
conducted by a modified version of the Cetyltrimeth-
ylammonium bromide (CTAB) method [28, 29]. The
extraction buffer was prepared with 100 mL of 1 M
Tris—HCl (Nippon Gene Co., Japan), 289 mL of 5 M

NaCl (FUJIFILM Wako Pure Chemical, Japan), 40 mL
of 0.5 M EDTA (Ambion, Japan), 20 g of CTAB (FUJI-
FILM, Wako Pure Chemical, Japan), and volume up to
1 L with ultra-purified water. For individual DNA extrac-
tion, the B-mercaptoethanol (Sigma-Aldrich, USA) was
diluted to 1% within the extraction buffer. The concentra-
tion of B-mercaptoethanol was increased to replace the
use of polyvinylpolypyrrolidone for toxicity reasons. For
each DNA extraction, 500 mg of traditional paper was
homogenized with mortar and pestle in 5 mL of prepared
extraction buffer. The homogenized samples were incu-
bated at 60 °C for 25 min and treated with 6 mL of 24:1
chloroform isoamyl alcohol (Supelco, Germany). The
sample was mixed by inverting it 5 to 10 times. Once the
emulsion was observed, the sample was centrifuged at
5000 G for 15 min. The supernatant was separated from
the precipitated solution. In the acquired clear aqueous
solution, 2 mL of 5 M NaCl solution and 8 mL of cold
95% ethanol (FUJIFILM Wako Pure Chemical, Japan)
were added to the sample solution. The sample solution
was centrifuged at 5000 G for 10 min. After centrifuga-
tion, the supernatant was removed gently by decantation
from the remaining pellet at the bottom. The washing
process of the pellet was conducted with cold 80% etha-
nol, twice. The ethanol was completely removed with a
pipette, not to interfere with it. The pellet was dried on
a clean bench for 5 to 10 min, avoiding over-drying that
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damages the remaining DNA. The pellet was diluted in
300 puL TE (Tris—EDTA) buffer. The TE buffer was pre-
pared at the volume ratio of 1:10 with 1 M Tris—HCI and
0.5 M EDTA. The eluted sample was treated with RNase
A (Nippon Gene, Japan), to remove remaining RNA. The
Nano-Drop 2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to analyze the
DNA concentration and purity. The ratio of absorbance
at 260 nm to that at 280 nm (A260/280) indicates the
DNA purity. DNA, RNA, and nucleotides show absorp-
tion peaks at the wavelength of 260 nm while protein,
phenol, and other debris show those at the wavelength of
280 nm. The range for sufficient DNA purity to conduct
further analysis is 1.7 to 2.0 in A260/280 [30, 31]. For
maintaining a consistent condition of DNA extraction,
initial extractives were analyzed without further purifica-
tion of the DNA.

Measurement of paper properties

The traditional paper samples were characterized from
the aspect of the parameters of grammage, thickness,
CIE L*a*b* and surface pH. Before measurement, all tra-
ditional paper samples were preserved at constant room
temperature and desiccator for humidity control. All the
parameters were measured by non-destructive methods
for traditional paper sample. Each parameter was meas-
ured at least three times and averaged.

The grammage of traditional paper was calculated
by dividing its weight (g) by the area of the sample. The
thickness of traditional paper was measured with a
micrometer (TW-21, Tozai Seiki, Japan). The density of
the traditional paper was calculated by Eq. (1):

G 2
Density(kg/m?’) = ramimage(g /)

1000
Thickness () x )

Color values based on the CIE L*a*b* color system were
measured with a spectrophotometer PF7000 (Nippon
Denshoku, Tokyo, Japan) according to ISO/CIE standard
11664-4:2019. L* a* and b* were measured after calibra-
tion with a reference standard and black cavity according
to the manufacturer’s manual. The scales of each parame-
ter are explained: L*=0 (Black) to 100 (White), a*=nega-
tive (green) to positive (red), and b*=negative (blue) to
positive (yellow) [28]. The pH of the traditional paper
surface was measured with a planar pH meter FPH70 (As
One, Osaka, Japan).

ATR-FTIR measurement

The FTIR spectra of the traditional paper samples were
measured in the ATR measurement mode of Nicolet iS50
(Thermo Fisher Scientific, USA). Before measurement,
all traditional paper samples were preserved at constant
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room temperature and desiccator for drying. For individ-
ual traditional paper samples, three measurements were
conducted on different sections of the paper surface. The
averaged spectra were used for analysis. The background
calibration was conducted against a diamond crystal
surface as a reference. The sampling spectra were meas-
ured with a total of 36 scans in the frequency range of
4000 cm™! to 400 cm™! at 4 cm™ resolution. The meas-
ured spectra were sorted, averaged, and preprocessed
with the Spectragryph optical spectroscopy software
(Ver.1.2.16.1, F. Menges, Germany) [39].

Multivariate statistics
The multivariate statistical analysis was performed using
R software, ver. 4.2.2 by R-studio. Also, the calculation
and visualization were generated by the R packages listed
[40-47]. The ATR-FTIR spectral data were mean-cen-
tered and baselined by the Spectragryph software before
analysis. The preprocessing to eliminate the interfer-
ences or noises of measurement on the spectral data was
adopted to 3400 cm ™! to 850 cm™! regions. The preproc-
essing methods include normalization, Savitzky-Golay
smoothing, the first derivative, the second derivative,
Standard Normal Variate (SNV), Multiplicative Scatter
Corrections (MSC), and a combination of Savitzku-Golay
Smoothing + the first derivative, and + the second deriva-
tive. From the preprocessed spectral data, the prominent
peaks were labeled and identified. The labeled peaks were
evaluated as their properties and expected detection by
the previous literature [30, 34, 48—58].

The Pearson correlation coefficient (r) between the x
and y variables was generated by the following equation:

- Z(x_mx)(y_my)
\/Z (x — my)* Y (x — my)?

where, m, and m, are the means of x and y, respectively.

As r changes from — 1 to 1, the heatmap was repre-
sented as blue to red. The positive correlation (coefficient
values near 1) was colored red, and the negative correla-
tion (coefficient values near-1) was colored blue.

A partial least square (PLS) regression model was
established to further identify the multilinear relation-
ship from the DNA presence to paper properties and
ATR-FTIR spectral data. The PLS regression model
utilizes standardized variables within the significant
variance of the dataset. The principal component is cal-
culated as maximum variances, which prevents the over-
fitting of the training model. The least-square model fits
the linear regression model and the k-fold cross-vali-
dation is applied in the present prediction model. The
k-folding cross-validation was performed at k=10 folds
with R-software. The performance of the model was

(2)
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assessed by using Root Mean Square Error of Cross-Vali-
dation (RMSECV), Coefficient of determination (R?), and
Ratio of Performance to Deviation (RPD) of the model.
RMSECV describes the average differences between
observed and predicted values within the cross-validated
data. As the RMSE values, the average error must be as
small as possible to identify a highly validated prediction
model. R* means the proportion of the response vari-
able to predictor variables. R? values are denoted in the
0 to 1 range. An R? value higher than and the nearest to
1 will be determined as a stronger relationship between
responsible and predictor variables. RPD is a measure-
ment of consistency between the observed and predicted
values. Higher consistency of RPD value will determine
the most susceptible model for prediction. Additionally,
the predicted values of the lab-scale traditional paper
were used to validate the model with observed values.
The best preprocessed for DNA purity was selected by
assessing the validation.

Hierarchical Cluster Analysis (HCA) was calculated by
pairwise dissimilarity between the observed values from
the collected data of DNA concentration, purity, paper
properties, and FTIR-ATR Spectra by Euclidean distance
metric. The FTIR-ATR spectra were preprocessed by the
Smoothing +the second derivative method. The hierar-
chical clusters were presented in Ward’s minimum vari-
ance method to dendrogram by R software. The Ward’s
minimum variance method was chosen using the highest
agglomerative coefficient near 1.

Results and discussion

DNA and paper property

The result of DNA extraction and paper property meas-
urement for traditional paper samples are demonstrated
in Table 2. The DNA concentration of the X3 paper sam-
ple was significantly higher than the other paper sam-
ples. Despite the general trend of traditional paper in a*
of CIE 1976 L*a*b* color space being toward negative
(green), the X3 paper sample is the only sample with a
positive (red) range. As the result, the extracted DNA of
the X3 paper sample is possibly different from other tra-
ditional papers. The DNA concentration for NW3 was
a negative value, which indicates the transparency for
DNA eluted solution was not clear for the Nano-Drop
spectrophotometer could not measure correctly. Based
on previous research [59, 60], DNA extraction from
plant fresh leaves is preferred over the roots or stem of
the plant. The dried or frozen bark of a tree contains less
DNA and cause difficulties in isolating DNA. Therefore,
the anticipated amount of DNA from traditional paper
samples was similarly low to DNA available in histori-
cal bark-cloth [61]. Moreover, the DNA presence was
evaluated by staining the traditional paper with DAPI
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(4',6-diamidino-2-phenylindole) and Fast Green stain-
ing. The stained traditional paper was observed on con-
focal laser scanning microscope (Leica TCS SP8). The
Additional file 1: Fig. S1 provides the DNA presence with
DAPI staining as DAPI strongly binds to AT region of
double strand DNA. Also, the Fast Green stains the cel-
lulose, cytoplasm and collagen. Under different ages and
unknown preservation conditions, traditional paper sam-
ples have various paper properties. L* (lightness) of CIE
1976 L*a*b* color space ranged from 60 to 85, a* and b*
coordinates were towards negative (green) positive (yel-
low), respectively. The measured L* a* and b* presented
that traditional paper were white, green, and yellow in
color. For an indication of chemical content changes, the
CIE L*a*b* color measurement is a preliminary screen-
ing for observable changes [62]. Additionally, surface pH
of traditional paper is an important paper property to
be able to or not to observe DNA in a traditional paper
surface. One characterization of double-stranded DNA
(dsDNA) is its denaturation during the alkaline condi-
tion [63]. However, the surface pH of traditional paper is
mostly neutral and not severely alkaline. Being a neutral
surface, the remaining DNA on traditional paper surfaces
is considered as not denatured. Thus, the paper proper-
ties are utilized to provide a prediction model for DNA
presence and quality within the traditional paper by the
multivariate statistical analysis including linear, multilin-
ear, and clustering algorithms.

ATR-FTIR spectra

The ATR-FTIR spectral data are illustrated in Fig. 1.
The characteristic peaks in ATR-FTIR spectral data are
listed in Table 3. The fiber materials in paper consist of
mainly cellulose, hemicellulose, and lignin, which are also
interpreted as cell wall components. From the full spec-
tral region, the peaks are identifiable in the two specific
ranges. In the range from 3286 to 3321 cm™!, hydroxy
groups of cellulose show absorption [48, 49]. The inter-
molecular hydrogen bonds of cellulose are extensively
projected. In the range from 2898 to 2902 cm™, the ali-
phatic C-H stretching of holocellulose is interpreted
[50, 51, 64]. The remaining methyl or methylene groups
of remaining lignin are found in traditional paper fiber
materials. Most peaks are located in the fingerprint
region of 1800 cm™ to 850 cm™ for lignocellulosic iden-
tification of wood species [30]. The fingerprint region of
lignocellulosic absorbance differences is capable to clas-
sify and form clusters of wood-based products including
traditional papers. The region of 1628-1638 cm™! dis-
plays the lignin or cellulose by water absorbance and car-
boxyl group stretches [34, 52]. The aromatic skeletal or
ring vibration is detected at 1599 cm™! from traditional
paper [30, 53]. Primary alcohol of methylene group is
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Table 2 Result of DNA extraction and paper property measurements

SompleConcentation VAP SrammsgeThidknessDensty o CE
(ng/uL)
X1 5.1 2.51 23.7 66.3 357.2 70.7 -1.44 8.69 8.52
X2 15.1 1.27 40.3 90.3 446.4 72.7 -1.77 11.20 8.86
X3 483.7 1.52 34.8 61.7 564.2 715 0.38 19.20 7.19
K-1 49.2 1.59 39.6 40.0 990.6 60.7 -1.35 4.25 7.83
K-2 13.7 1.66 28.8 69.7 4139 704 -1.42 6.16 7.68
K-3 6.2 1.18 36.3 110.3 3293 741 -1.41 8.50 7.45
K+1 22.3 1.88 81.3 61.3 1326.1 67.7 -0.77 1.95 9.12
K+2 2.5 0.96 34.0 71.7 4743 78.7 -1.23 4.89 8.45
K+3 3.5 1.52 74.9 761.0 985 855 -1.71 953 8.90
Uel 31.1 2.70 28.0 75.0 3733 67.6 -2.19 9.63 6.73
Ue2 65.2 2.02 38.9 90.7 4288 70.0 -1.74 5.68 7.96
Nanl 7.2 1.61 40.6 111.7 3639 78.7 -0.96 3.98 8.23
NW1 24.9 1.79 23.4 40.7 575.4 60.2 -1.10 3.33 8.11
NW2 12.2 1.65 32.3 783 4121 64.7 -0.83 1.76 8.66
NW3 -18.8 2.98 117.0 308.0 3799 83.0 -1.65 10.08 8.38
NwW4 35.7 1.89 24.5 58.7 418.0 62.7 -1.66 5.69 6.80
NW5 126.4 1.69 37.6 93.7 4019 728 -1.05 3.50 8.96
NW6 22.0 1.72 39.6 99.3 3983 713 -1.66 6.98 8.61
NwW7 29.4 1.71 89.6 268.3 333.8 814 -0.29 6.82 8.24
Lab* 8.5 1.47 50.0 1330.0 35.0 75.7 -1.52 10.17 7.55

* Lab-scale traditional paper

assigned at the peaks of 1418 cm™ and 1315-1316 cm™!  stretching and deformation [30, 34, 48, 57]. The carbonyl
(48, 49, 54-56]. The strongest peak is demonstrated group valence vibration of lignin is detected at 992 cm!
from 1020 to 1030 cm™" and assigned to carbonyl group
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Fig. 1 ATR-FTIR Spectra in the range of 3400-850 cm™" with labeled peaks
Table 3 Characteristic of peaks in the ATR-FTIR spectra, including according to literature data
Peak number Absorption range Interpretation Assignment References
1 3286-3321 Cellulose O-H intermolecular bonds [48,49]
2 2898-2902 Cellulose and Hemicellulose aliphatic C-H stretching [50, 51, 64]
3 1628-1638 Lignin or Cellulose O-H absorption, COO- Stretching [34,52]
4 1599 Lignin and Flavone Aromatic skeletal or ring vibration [30, 53]
5 1418 Starch, Lignin, Cellulose CH, scissoring [49, 54]
6 1315-1316 Xyloglucan, Cellulose I and I CH, symmetric bending, CH, rocking vibra-  [48, 54-56]
tion, CH, wagging
7 1020-1030 Cellulose land I, C-0 stretching, [30, 34,48, 57]
Polysaccharide, Lignin C-0 deformation
8 992 Lignin C-0 valence vibration [49, 55]
9 874 Pinene (Terpene) Terminal methylene group absorption [58]

[49, 55]. Pinene remains in the traditional paper and has
methylene groups assigned at 874 cm™ [58].

The absorption peaks of traditional paper display
differently by the source of materials. Japanese tradi-
tional papers are produced from many materials, such
as paper mulberry, hemp, Japanese gampi, mitsumata,
and so on. This research focuses on the Broussonetia
species, which is paper mulberry. There are materi-
als unknown contained among Broussonetia fibers with
other major additives in traditional paper. By spectral

data of macromolecular polymers, the DNA purity was
predicted with a higher accuracy. The lignocellulosic resi-
dues and humic substances are acknowledged for their
inhabitant effect on DNA extraction [65]. With the pos-
sible detection of several components within spectral
data, the prediction model of DNA quality was developed
precisely. The traditional paper sheets were identified
and clustered according to the ATR-FTIR spectra, paper
properties, and DNA presence.
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Fig. 2 Heatmap of r between DNA properties (concentration and purity) and paper properties (a) and that between DNA properties

and absorption spectral patterns of ATR-FTIR spectra (b)

Pearson correlation coefficient

R was calculated between DNA and paper properties as
Additional file 1: Table S1 shows. The correlation was
demonstrated by the heatmap in Fig. 2a. PCC determines
the linear relationship between two variables; negative,
positive, or none. The DNA concentration had a PCC of
0.663 and 0.601 with CIE a* and CIE b* respectively. The
positive correlation was demonstrated in red. The pH of
the traditional paper also displayed a slight correlation
negatively as colored blue. Yet, DNA purity does not pro-
vide any significant linear correlation to paper properties.
The highest correlation was with CIE a* parameter at
— 0.298. Despite the significance, the CIE a* parameter to
measure the color of green to red demonstrated a positive
linear correlation to DNA concentration and a negative
linear correlation to DNA purity. Moreover, the surface
pH of traditional paper was recognized as an important
characteristic to be correlated to DNA presence. With a
relatively narrow range of parameters at neutral pH 7 to

8, the DNA concentration and purity were not strongly
correlated.

r values were calculated between DNA concentration
or purity on one side and measured parameters of ATR-
FTIR labeled peaks in Additional file 1: Table S2 on the
other. The correlation is demonstrated by the heatmap
in Fig. 2b. The DNA concentration to ATR-FTIR spec-
tral data was mostly negatively correlated with identified
peaks. The peaks of 992 cm™, 1599 cm™!, and 1628-
1638 cm™! regions were positively correlated. The cor-
relation was highest at the peak of 992 cm™!, which has
a coefficient of 0.857. Referring to Table 3, the peaks are
identified as lignin-specific functional groups. According
to the Pearson correlation model, the lignin functional
groups were positively correlated with DNA concentra-
tion. This connects to the colors of CIE a* that was posi-
tively correlated to DNA concentration. The remaining
lignin will produce the color green on the surface of the
traditional paper. In addition, the fingerprint region of
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1020-1030 cm™! and 1628-1638 cm™! constantly had a
significant correlation to DNA concentration. The linear
correlation between the spectral data and DNA purity is
not strong. The highest correlation coefficient between
DNA purity and spectral data was shown in the region
of 2898—2902 cm™. The coefficient was near 0.42, mean-
ing positive correlation. On the other hand, the DNA
concentration in the region of 2898—2902 cm™! displayed
a negatively correlated coefficient near — 0.45. Accord-
ing to the Pearson correlation, the methyl or methylene
groups of holocellulose fibers were positively correlated
to DNA purity and negatively correlated to DNA concen-
tration. The presence of methyl groups was influential in
DNA purity and concentration. DNA methylation occurs
as the methyl group is added to the DNA structure and
changes the genes. In the environment of papermak-
ing, DNA methylation will not occur due to the lack of
specific enzymes or the temperature conditions. Yet,
the detection of methyl groups in Nano-drop spectro-
photometers will influence the DNA concentration and
purity values. Non-destructive measurement of paper
properties and ATR-FTIR spectra applied to DNA con-
centration and purity explicates possible linear correla-
tions. Using IR qualitative data and spectrophotometers,
this may preliminarily hypothesize a link between the
presence of DNA and the chemical components of tra-
ditional paper. In addition, the yellow and green colors of
traditional paper may indicate a higher content of lignin,
which could preserve the DNA of source materials by
remaining in the cell wall.

Partial least square regression modelling

The PLS regression model was established based on
the non-destructive paper properties and preprocessed
ATR-FTIR spectral data. The multilinearity correlation
between the DNA properties and the paper proper-
ties or spectral data was k-fold validated at k=10. For
assessment parameters, RMSECV, R?, and RPD were
calculated. The smoothing +the second derivative pre-
processing method was most suitable for the DNA
purity prediction model. Despite the low determina-
tion coefficient less than that determined in the second

Table4 PLS  validation assessment parameters  of
smoothing+2nd derivative preprocessing methods for DNA
concentration and DNA purity

Smoothing +2nd RMSECV R? RPD Lab-made paper
derivative validation
preprocessing

method Observed Predicted
DNA purity 0.091 0964 538 147 1.49
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derivative preprocessing method, other assessment
parameters of the lowest RMSECV and highest RPD
provided enough creditability to the smoothing+ the
second derivative preprocessed spectra prediction
model. The DNA purity prediction model demonstrated
a highly accurate parameter of low RMSE value of 0.91,
good data fitting with a determination coefficient of as
high as 0.964, and a consistent prediction power of 5.38
according to Table 4. The predicted value of DNA purity
was 1.49 and the observed DNA purity for the lab-scale
traditional paper was 1.47. The predicted value was only
0.02 higher than the observed value. Additionally, this
study was conducted for the first time to present the
extraction of DNA from traditional paper. Therefore,
further development of DNA extraction methodology
and a larger sample portion would provide higher accu-
racy to the PLS regression model with smoothing + the
second derivative preprocessing method.

The DNA purity prediction model is demonstrated in
the scatter plot of Fig. 3. The observed predicted values
are not widely dispersed along the determination coef-
ficient line with a determination coefficient of 0.964.
According to the assessment parameters on cross-val-
idated PLS regression mode, the prediction models are
suitable for the initial estimation of DNA presence in
the traditional paper. By the initial preliminary evalu-
ation, the decision may establish whether to conduct
genetic information through destructive DNA extrac-
tion or not.

DNA Purity
Smoothing+2™ Derivative ATR-FTIR
3.0 »
L
Z 25 L
&
= 20 e
a ”
€15 %
Q o®
wvi N
e "
o >
10 ey RMSE= 0.091
R?=0.964
RPD=5.38
0.5
05 1.0 15 20 25 3.0

Predicted DNA Purity

Fig. 3 Relationships between predicted and observed DNA purity
both with smoothing + the second derivative preprocessed ATR-FTIR
data. Based on the PLS regression model
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Hierarchical clustering analysis

The hierarchical clustering algorithm was based on bot-
tom-up methods of agglomerative approach, in which
individual variables are merged with similar variables as
increasing height. The Euclidean distance is calculated
based on optimized linkage criterion and individual
variables. The optimized linkage criterion was Ward’s
minimum variance method, in which the agglomerative
coefficient was highest as described in Additional file 1:
Table S4. The dendrogram of traditional paper samples
is demonstrated in Fig. 4 based on DNA concentration
and purity, paper properties, and smoothing+ the sec-
ond derivative preprocessed ATR-FTIR spectral data.
X3 paper was the farthest sample from other clusters. X3
traditional paper was the outlier with excessively high
DNA concentration and had different paper proper-
ties of CIE a*b* By the dendrogram, X3 paper was dif-
ficult to evaluate with current samples, then excluded.
An optical microscope was used to evaluate the possi-
ble contamination of mold in the X3 traditional paper
with high DNA concentration. Additional file 1: Fig. S2
shows the X3 traditional paper sample with a potential
contaminant, while the other traditional paper samples
only have clear fiber structures. Uel and Ue2 papers
had unknown origin and no written record was identi-
fied. The only information given to the experimenter was
that the two papers were produced by the same craft-
sperson. By dendrogram, Uel and Ue2 occur in differ-
ent clusters but biologically closely related. Uel was in
the same cluster as NW4, which was used to produce
traditional paper in Ogawa, Saitama from Nasu Paper
mulberry tree. Ue2 was in the same cluster as K-1 used
to produce traditional paper in Mino, Gifu from Nasu
Paper mulberry tree. Therefore, it is highly possible that

Uel and Ue2 were produced with Nasu Paper mulberry
(originated in the northeastern region of Japan) by the
same craftsperson but with different techniques or addi-
tives. Traditional papers K-1, Ue2, Uel, NW4, and NW1
are grouped as traditional paper made from Nasu Paper
mulberry species. Other traditional papers are clustered
in a mixture of Kaga, Toyama, Shimame, and Kouchi
Paper mulberry trees (originated from the southwestern
region of Japan). Despite a variety of traditional paper-
making procedure and preservation conditions, the clus-
tering method based on non-destructively measured
paper properties, ATR-FTIR spectra, and DNA provide
sufficient scientific background regarding the origin of
the paper mulberry tree on a large scale within Japan.
The results of the multivariate statistical analysis provide
an expectation of a novel approach to the cultural herit-
age of traditional papers. The preliminary screening for
the possibility of DNA presence and quality leads to the
decision on the need for DNA analysis. For the future
research, the optimization of DNA extraction in micro-
destructive methods and interpretation of genomic
sequenced information will provide highly accurate clus-
tering analysis.

Conclusions

The biological approach to historical traditional paper
analysis was not an option in heritage research due to
its destructiveness on the valuable paper samples. The
current study examined the DNA presence and inter-
action within the traditional paper and non-destructive
measurement. The result of this research provides suf-
ficient evidence for a preliminary exploration of the
need for DNA analysis for historical traditional paper.
The linear correlation is structured between DNA
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properties such as concentration and purity and CIE
L*a*b* color metric system. The overall color meas-
urement of traditional paper indicates green and yel-
low instead of red and blue. This observation connects
with ATR-FTIR spectral data. The peaks of 992 cm™,
1599 cm™!, and 1628-1638 cm™ regions are positively
correlated to DNA concentration. The labeled peaks
were assigned to lignin-specific functional groups. The
availability of lignin in the traditional paper determines
the color of green and yellow, which is connected to
cell wall existence. The higher amount of cell wall is
positively correlated to DNA survivability through the
traditional papermaking process. The PLS regression
prediction model is established for DNA purity. The
preprocessing method of spectral data is optimized
to the smoothing +the second derivative method. The
assessment parameter for the cross-validated predic-
tion model includes low RMSECV at 0.091 for DNA
purity, respectively. The determination coefficient was
near the perfect fitting value of 1. With the established
PLS regression model, it is possible to acquire explicit
DNA presence and quality from the traditional paper
sample in the preliminary screening. Despite further
development on the validity of the DNA extraction
method, the prediction model will evaluate the fast pre-
liminary screening of DNA presence and purity within
the traditional paper. The HCA dendrogram demon-
strated the clusters of similar traditional papers, based
on the measurement of paper properties, such as ATR-
FTIR spectra and DNA concentration and purity. The
HCA provided general identification of the source ori-
gin of paper mulberry material. The clustering largely
separated Nasu paper mulberry (originated in north-
eastern Japan) from another paper mulberry (origi-
nated in southwestern Japan). Through the multivariate
statistical analysis, the scientific evidence on traditional
paper identification based on written records is justifi-
able. With the proposed novel non-destructive method
analysis on DNA presence and quality, further
sequenced information of DNA and genetic mark-
ers will enhance the understanding of historical herit-
ages and its anthropological values. By establishing the
library of genetic information, the genomic analysis
of each traditional sample will clarify the location and
timeline of material sources. The taxonomical tree will
be established to support the information. The research
involved in DNA and traditional papermaking would
generate a highly valid analysis of genetic information
on traditional papers. The interpretation of genomic
information will lay out and untangle the puzzled his-
tory of traditional papermaking propagation in a wide
geographical spectrum.
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Abbreviations
DNA Deoxyribonucleic acid
CTAB Cetyltrimethylammonium bromide
CIE Commission Internationale de I'Eclairage
ATR-FTIR  Attenuated Total Reflection-Fourier Transform Infrared
PLS Partial least square
SNV Standard normal variate
MSC Multiplicative scatter correction
RMSECV  Root mean square error of cross-validation
RPD Ratio of performance to deviation
HCA Hierarchical clustering analysis
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