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Fig. 1. Diagram of simultaneous measurement at multiple points on the sensing surface by frequency division multiplex.

in which the front-side or the back-side surface of the sensor plate
is illuminated, respectively, by the modulated light. In the case of
back-side illumination, which is the geometry of conventional LAPS
measurement, the modulation frequency is limited by the low-pass
filtering characteristics of carrier diffusion across the sensor plate.
In front-side illumination, on the other hand, higher frequencies
can be used, because photocarriers are directly generated and sepa-
rated inside the depletion layer and no diffusion process is involved
[8]. Front-side illumination, however, has some restrictions. For
front-side illumination, the modulated light beam has to transit
through the object to be measured. The object, therefore, must be
light-transmissive and the distribution of the light transmittance
of the object must be invariant while the pH distribution changes.

In this study, we developed a high-speed chemical imaging sys-
tem based on the combination of FDM, a two-dimensional array of
LEDs and front-side illumination. Front-side illumination allowed
a wide bandwidth of the modulation frequency required for high-
speed measurement by FDM. The developed system achieved
high-speed chemical imaging at about 70fps and provided real-
time observation of a spatiotemporal change of pH distribution in
a solution.

front-side illumination

semiconductor
(n-Si)

back-side illumination

Fig.2. Two different geometries of the LAPS measurement: front-side and back-side
illuminations.

2. Experimental

Fig. 3(a) shows a schematic view of the high-speed chemi-
cal imaging system developed in this study. This system consists
of a sensor plate, a two-dimensional array of LEDs (LED matrix),
an oscillator array and a control PC with measurement soft-
ware.

2.1, Sensor plate

The sensor plate (36 mm x 36 mm) used in this study was
made of n-type Si wafer with a thickness of 200um and a
resistivity of 10-20Qcm. The top surface of the sensor plate
was covered with a 50nm-thick thermal SiO, layer to obtain a
semiconductor-insulator interface with low trap density and sub-
sequently a 100 nm-thick Si3N4 layer deposited by low-pressure
chemical vapor deposition (LP-CVD). The surface of the SizN4 layer
functions as a pH-sensitive surface when brought into contact with
the sample solution. A thin ohmic electrode was deposited on the
back-side of the sensor plate.

2.2. LED matrix

Fig. 3(b) shows the top view of the LED matrix with 7 x 5 LEDs
(TAO7-11SRWA, Kingbright Elec. Co., Ltd.) installed above the sen-
sor plate as a light source. The peak wavelength and the intensity
of illumination are 660nm and 24 mcd, respectively. The light-
emitting face of the LED matrix is immersed directly into the sample
solution. The distance between the LED matrix and the sensor sur-
face, or the thickness of the solution layer, through which the light
has to pass, is about 0.6 mm, Five different frequencies are input to
each column of the LED matrix and five points on the sensor surface
corresponding to the five LEDs on one line are measured in parallel.
By electrically switching the illuminating lines from the first to the
seventh row in sequence, ion concentration values at all 35 points
are obtained without mechanical scan.
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Fig. 3. (a) Schematic view of the high-speed chemical imaging system based on
front-side~illuminated LAPS, and (b} top view of the LED matrix used in this system.
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2.3. Oscillator array

Five modulation frequency signals of 6, 7, 8, 9 and 10kHz are
generated as integer multiples of the reference frequency of 100Hz
by a 5-channel phase-locked loop (PLL) synthesizer.

2.4. PCand software

A software developed with LabVIEW (National Instruments
Corp.) is used to control the bias voltage between the reference
electrode and the sensor plate, to switch a line of the LED matrix in
sequence, to measure the photocurrent, to calculate each frequency
component by the method described in our previous paper [4] and
to display the obtained chemical image.

3. Results and discussion
3.1. Front-side vs. back-side illumination

To compare the performance of front-side and back-side illumi-
nations, 1-V curves were measured in both geometries at various
frequencies in the range of 5-110kHz. The test solution was a pH
7 buffer solution, and the sampling frequency and the sampling
time were 500 kHz and 20 msec, respectively. The bias voltage was
swept from —2.0 to 0.0V at a step of 10 mV.

Fig. 4(a) compares the -V curves obtained with front-side and
back-side illuminations, respectively, at a modulation frequency of
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Fig. 4. (a) I-V curves for front-side or back-side illumination in the case of LED
light modulated at 10 kHz, and {b) magnitudes of photocurrent as a function of the
modulation frequency for front-side and back-side illuminations.

10 kHz. In the case of back-side illumination, electron-hole pairs
are generated near the back-side surface of the Si substrate and the
photocarriers reach the depletion layer by diffusion. While only
those photocarriers separated in the depletion layer contribute to
the external photocurrent, a large part of generated photocarri-
ers are lost by recombination during the diffusion process, and the
obtained photocurrent becomes small. In the case of front-side illu-
mination, on the other hand, the electron~hole pairs are generated
and separated directly in the depletion layer, and therefore, alarger
photocurrent is obtained [8].

Fig. 4(b) shows the magnitude of photocurrent as a function of
the modulation frequency for front-side and back-side illumina-
tions, where the magnitude was defined as the difference of the
maximum and minimum values of photocurrent in the I-V curve.
Although the photocurrent decreases with the modulation fre-
quency in both geometries, the decrease in back-side illuminationis
steeper than that in front-side illumination, which can be explained
in terms of the low-pass filtering effect of carrier diffusion in the
semiconductor layer.
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Fig. 5. 1-V curves for simultaneous measurement by frequency division multiplex
on one line of the LED matrix with 5 LEDs modulated at 6, 7, 8, 9 and 10 kHz.

These results demonstrate that front-side illumination, which
offers a wider bandwidth of the modulation frequency, is more
suitable for high-speed chemical imaging.

3.2. Parallel measurement

As a test of parallel measurement with FDM, five I-V curves
were simultaneously obtained with five LEDs on the fourth row
of the LED matrix modulated at different frequencies of 6, 7, 8, 9
and 10kHz. The test solution was again a pH 7 buffer solution, the
sampling frequency and sampling time were 200 kHz and 50ms,
and the bias voltage was swept from ~2.0 to 0.0V with a step of
10mv.

Fig. 5 shows the amplitudes of the photocurrent of each
frequency component as functions of the bias voltage. It was
demonstrated that five I~V curves at different positions on the
sensing surface could be simultaneously obtained. As observed
in Fig. 5, however, the heights of I~V curves may differ due to
the frequency-dependence of the photocurrent, variation of light
intensities among LEDs and non-uniformity of the sensor plate.
Therefore, it is necessary to normalize the measured photocurrent
at each pixel to compensate for such artifacts.

3.3. Chermical imaging

In a LAPS measurement, the ion concentration in the sample
solution is calculated from the shift of the I-V curve along the volt-
age axis. In chemical imaging, however, measurement of I-V curves
at all pixels would be too time-consuming, and therefore, the pho-
tocurrent under a constant bias voltage is recoded at each pixel and
converted into the ion concentration values. In the case of a sensor
plate with n-type semiconductor, the photocurrent decreases for
lower pH values and increases for higher pH values under a fixed
bias voltage. To compensate for the variation of photocurrent as
was seen in Fig. 5, the photocurrent value measured at each pixel
was normalized to the photocurrent value measured in advance for
a uniform solution.

3.3.1. Chemical imaging of pH buffer solutions

Asatestof pHimaging, chemical images of a series of buffer solu-
tions of pH 4-10 (Titrisol®, Merck KGaA, Germany) were acquired.
The photocurrent value at each pixel was normalized to the photo-
current values of uniform pH 7 buffer solution. Fig. 6 shows a series
of chemical images for pH 4-10 buffer solutions. As shown in Fig. 6,
these chemical images are almost uniform in coler representations
corresponding to the uniformity of buffer solutions. Fig. 7 shows
the average of the normalized photocurrent over all 35 pixels as
a function of the pH value, A linear dependence of the normal-
ized photocurrent on the pH value was observed with a slope of
about 0.26/pH. This experimental result indicates that the devel-
oped system is capable of imaging pH values in the range of pH
4-10.

3.3.2. High-speed chemical imaging of pH change

Using the developed chemical imaging system based on front-
side-illuminated LAPS, a high-speed chemical imaging experiment
was performed to observe the spatiotemporal changes of pH values
caused by injection of acid into a solution, The sampling frequency
and the sampling time per line were 400 kHz and 10 ms. It takes,
therefore, 70 ms to scan a frame of 7 lines, which corresponds to a
frame rate of about 14 fps.

Fig. 8(a) shows the snapshots of 14 fps chemical imaging experi-
ment, in which 0.2 ml of 0.1 M HCl solution was injected into 2.0 ml
of 0.1 M Na(l solution at a constant rate of 0.13 ml/s. Spreading of
acidic area by injection of HCl was observed in real time. Fig. 8(b)
shows an experiment, in which 0.2 ml of 0.1 M HCl was injected into
2.0 ml of neutral phosphate buffer solution (pH 6.86) at a constant
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Fig. 6. Chemical images corresponding to different pH values (pH 4-10). These images were generated by interpolating 35 measurement values,
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Fig. 8. Snapshots of 14 fps chemical imaging experiment. Spatiotemporal change of pH distribution was recorded after injecting HCl solution into (a) NaCl solution or (b)
neutral phosphate buffer solution. These images were generated by interpolating 35 measurement values.

— 259 —



320 A. Itabashi et al. / Sensors and Actuators B 182 (2013) 315-321

time, sec
frame number 0 14

1.0 1.2 1.4
70 84 98

28 42 56

16 20 ‘ 26
112 140 182

normalized photocurrent

0.6 0.7

0.9 1.0

acidic

neutral

Fig. 10. Snapshots of 70 fps chemical imaging experiment. Spatiotemporal change of pH distribution was recorded after injecting HCl solution into NaCl solution. These

images were generated by interpolating 35 measurement values.

rate of 0.13 ml/s. After spreading of acidic area, shrinking of acidic
area due to the buffering action,

H* + HPO42" — HyPO4™

was observed. These experimental results demonstrate the pos-
sibility of spatiotemporal recording of chemical reactions by the
developed system.

Fig. 9 shows the temporal changes of the normalized photo-
current recorded at the center of the LED matrix. In the case of
NaCl solution, the normalized photocurrent decreased rapidly dur-
ing injection of HCl solution and then decreased slowly by diffusion
of hydrogen ions toward the center. In the case of phosphate buffer
solution, on the other hand, the normalized photocurrent returned
to the initial state due to the buffering action after the decrease by
injection of HCI solution.

Chemical imaging at even higher speed is possible by reducing
the sampling time per line from 10 ms to 2 ms. In this case it takes
14 msto scan aframe of 7 lines, which corresponds to a frame rate of
about 70 fps. Fig. 10 shows the snapshots of 70 fps chemical imaging
experiment with a sampling frequency of 400 kHz. In this experi-
ment, 0.3 ml of 0.1 M HCl solution was injected into 2.0ml of 0.1 M
NaCl solution at a constant rate of 0.13 ml/s. Rapid change of pH
distribution was recorded as a smooth movie,

Due to reduction of the measurement time, the measurement
errorin the 70 fps experiment is larger than thatin the 14 fps exper-
iment. The standard deviation (averaged over all 35 pixels) of the
normalized photocurrent measured for a solution of constant pH
was 0.00182 and 0.00503 in the 14fps and 70fps experiments,
respectively. Converting these values into pH deviation, the mea-
surement accuracy at 14 fps was about +:0.007 pH and that at 70 fps
was about £0.02 pH. The measurement error in the 70 fps exper-
iment, therefore, was about three times larger than that in 14 fps.
Thus, the measurement condition has to be selected depending on
the purpose of the measurement.

4. Conclusion

In this study, a high-speed chemical imaging system based
on front-side-illuminated LAPS was developed using a two-
dimensional array of LEDs. It was demonstrated that front-side
illumination was more suitable for high-speed chemical imag-
ing, which would require a wide bandwidth of the modulation
frequency. Using the developed system, a rapid change of pH distri-
bution could be visualized by acquiring chemical images at 70 fps.

A chemical imaging system with an even higher temporal res-
olution is under development, which allows parallel access to all
pixels using a two-dimensional array of LEDs modulated indepen-
dently at different frequencies. Such a high-speed system combined
with an optical fiber bundle for arranging measurement pixels at
higher density would be useful for analysis of chemical reactions
in more detail and applications in the field of biclogy.
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Measurement of blood glucose by infrared spectroscopy
using hollow-optical fiber probe

Y. Tanaka, S. Kino, and Y. Matsuura
Graduate School of Biomedical Engineering, Tohoku University
6-6-05 Aoba-Sendai 980-8579, Japan

ABSTRACT

An infrared spectroscopy system based on a hollow-optical fiber probe for measurement of blood glucose concentration
is developed. The probe consists of a flexible hollow-optical fiber and an ATR prism attached at the distal end of the
fiber. This flexible probe enables measurement of oral mucosa and ear lobes that have blood capillaries near the skin
surface. Experimental results show that absorption peaks of blood glucose are detected by the system.

Keywords: Hollow-optical fiber, FT-IR, ATR, Glucose measurement

1. INTRODUCTION

Diabetes is one of the most serious social problems in the world and patients have to check their blood glucose level on a
frequent basis by collecting blood. This procedure causes not only a load to patients but also a risk of infectious diseases.
Although some systems based on near infrared spectroscopy (NIR) are suggested as a non-invasive method of blood
glucose measurement [1, 2], those systems still have problems in the accuracy and reliability. One of the reasons for
these problems is that NIR analyses detect harmonic overtones of target molecular vibrations. Usually many other
overtone peaks are imposed on the target vibrations and therefore, complicated multivariate statistics such as principal
component analysis (PCR) are necessary for quantitative analysis.

In this report, we examined non-invasive blood glucose monitoring system based on Fourier transform infrared
spectroscopy (FT-IR). Mid infrared spectroscopy (MIR) detects the fundamental vibrations of molecules. Therefore,
absorption intensities are higher than those of NIR and complicated calculations that tend to cause inaccutracy are not
necessary. Heise ef al. reported that they determined glucose levels of whole blood from the mid-infrared absorption
spectra [3]. Some groups reported that they attempted to measure blood glucose levels in vivo by taking MIR spectra of
finger using an attenuated total reflection (ATR) prism[4]. Since ATR spectroscopy provides higher signal levels than
that of reflection measurement, it enables high signal-to-noise measurement. When applying a common ATR system in
vivo, however, body sites for measurement are limited because the sites should be touched by the ATR prism involved in
the system. To solve this problem, in this report, we developed an ATR system utilizing a flexible hollow-optical fiber
probe. The probe is based on an infrared hollow-optical fiber with an ATR prism attached on the distal end. We show
experimental results for in-vivo quantitative detection of blood glucose.

2. IN-VITRO MEASUREMENT OF BLOOD GLUCOSE CONCENTRATION

Figure 1 shows an experimental setup for measurement of ATR spectroscopy. Infrared light emitted from the FTIR
spectrometer is focused onto the input end of hollow optical fiber by using an off-axis mirror. We used a hollow optical
fiber based on a flexible polycarbonate tube having inner coating of silver reflection layer with a cyclic-olefin polymer
overcoat. This type of hollow optical fiber transmits a wide range from 2 to 20 pm of the infrared with low losses [5].
The inner diameter of fiber is 2 mm and the length is 1 m. As shown in the inset of Fig. 1, a diamond ATR prism is
attached at the output end of the fiber. In the prism, incident light is reflected twice and then, the evanescent field detects
absorption of the sample that touches on the prism surface. The reflected light is deflected by the beam splitter and
detected by a HgCdTe detector.

Optical Fibers and Sensors for Medical Diagnostics and Treatment Applications Xili,
edited by Israel Gannot, Proc. of SPIE Vol. 8576, 85760T - © 2013 SPIE
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Figure 1. Experimental setup for measurement of ATR spectroscopy.

Figure 2 shows absorbance spectra of glucose solutions in water with various concentrations. In this measurement, the
ATR prism was dipped in the solution and the frequency resolutions of 4 cm™ and 128 times of integration are applied.
Strong peaks originated from the OH-stretching band and the OH-bending band of water molecules appear near 3300
cm'and 1700 cm™, respectively. An IR vibrational band assigned to glucose, which is derived from COH stretching
band, is shown around 1040 ecm™. The peak around 2300cm™ is caused by CO, gas band inside the fiber. When glucose
concentration decreases, peak intensities of OH-bands increase while the peak of glucose decreases. The reason of this
phenomenon is that a number of water molecule on the light axis increases by decreasing a number of glucose molecule.
The correlation between the peak intensities of an OH-band and glucose are usetul when suppressing effects of change in
background intensity that is due to, for example, variation of the pressure on the sample surface. By taking the ratio of
these peaks, only contribution of change in glucose level can be detected. In Fig. 3, ratios between two peaks are plotted
as a function of glucose concentration. It is shown that these calculated ratios are proportional to the glucose
concentration.
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Figure 2. Absorbance spectra of glucose solutions with various concentrations
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We also performed similar measurements by using pig’s whole blood that contains glucose of various concentrations. In
the experiment, the hematocrit value is set to about 40 % that is equivalent to that in human whole blood. As shown in
Fig. 4, the peak of glucose is distinguished from those of other blood components. Peak intensity ratio of glucose to each

OH band in pig’s whole blood is shown in Fig. 5. We confirmed the linear relationship between the ratios and glucose
concentrations.
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Figure 4. Absorbance spectra of pig’s whole blood dissolved glucose with various concentrations
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Figure 5. Peak intensity ratios of glucose to each OH band in pig’s whole blood

3. IN-VIVO MEASUREMENT OF BLOOD GLUCOSE CONCENTRATION

We firstly applied this probe to oral mucosa that is soft and moist and thus, small variation in measurements due to
change in applying pressure is expected. Figure 6 shows absorbance spectra of oral mucosa measured in vivo. In this
expetiment, a mouth was washed with water to improve contact of prism surface to mucosa. When measurements were
repeatedly performed, the prism was washed with acetone and dried in N, gas to clean the prism surface. As shown in
Fig. 6, an absorption peak originated from glucose is indicated around 1040 cm™' as with the spectra taken in vitro.
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After a healthy volunteer took 75 g sugar, we measured his blood sugar level and ATR spectra of oral mucosa at
half-hour intervals. Reference blood-glucose levels were measured by using a glucose meter which is based on blood
collection by finger puncture. Relationship between reference blood-sugar levels and peak intensities of glucose is shown
in Fig. 7. Correlation of these two values was high, however, we found that measurement errors in every measurement
are not small, which may cause a problem in reproducibility. '

2 T ¥ ¥ T ¥
0.2 :
— 15 F . ™y
) =
:
<4
& 1 F . = 01 b+ ..
g 5
£2 »
< 05 | - 2 (5/!>zc\css—e/\w
0 . . e e M}M Q 1 i i i
4000 3500 3000 2500 2000 1500 1000 1100 1080 1060{1040/1020 1000
Wavenumber [em?] Wavenumber [cm]

Figure 6. Absorbance spectra of healthy oral mucosa
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Figure 7. Relationship between blood sugar level and peak intensity of glucose

Next we applied the probe to ear lobes that are easily accessed by the probe. Ear robes are similar to oral mucosa in that
blood capillaries are near the skin surface. In the measurement of oral mucosa, we experienced measurement errors that
are mainly attributed to changes in the pressure applied to the sample surface. This problem may be solved by applying a
reference material which uniformly penetrates into the skin so as to suppress the error due to applying pressure. We tried
to use hydrocarbon oil called Squalane as a reference material. Figure 8 shows comparison of absorption spectra of pure
water and Squalane. Squalane has the characteristic peaks at 2922, 1462, and 1377 em™'and we confirmed that there is no
peak overlapping the 1040 cm™ glucose absorption peak.
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Figure 8. Comparison of absorption spectra between pure water and Squalane
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Figure 9 shows absorbance spectra of ear lobes measured after applying Squalane. Five spectra were measured
consecutively and the prism surface was cleaned each time. The peak of glucose at 1040cm™and those of Squalane at
2922cm™, 1462 cm™ and 1377cm™are clearly seen. We calculated the ratio of glucose’s peak height to those of Squalane
and the OH-stretch and then evaluate variation coefficient of measured values. As shown in the result in Table 1,
measurement errors are largely reduced by using Squalane as a reference material.
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Figure 9. Absorbance spectra of ear lobe with Squalane

Table 1. Variation coefficient of peak intensity ratio of glucose to Squalane and OH-stretch

Squalane OH-stretching
. A . 1040 om™' 1040 cm™’ » -
Peak intensity ratio - - 1040 3400
Y /1462 om™ /1377 om” om /3400 om

variation coefficient [%]
=SD/Ave. 11.16 8.84 22.52

4. CONCLUSION

We developed a non-invasive glucose monitoring system based on mid-IR ATR spectroscopy using a flexible
hollow-optical fiber probe. In measurement of oral mucosa and ear lobe, we successfully measured blood glucose levels
by detecting a peak intensity of glucose absorption bands. It is known that ATR spectroscopy has limitation in
penetration depth that is around a few micrometer and thus, it is difficult to approach to blood capillary network. In our
case, it is inferred that tissue water in the stratum content that are strongly correlated to blood components is detected.
The experimental results showed that this method is useful for monitoring blood glucose. However, the measurement
reproducibility is not high enough even when applied a reference material such as Squalane before measurement. We are

working on the investigation of a multi reflection ATR prism which has flat contact area to achieve high sensitivity and
high reproducibility.
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Abstract

The common marmoset is a new world monkey, which has become a valuable experimental animal for
biomedical research. This study developed cDNA libraries for the common marmoset from five different
tissues. A total of 290 426 high-quality EST sequences were obtained, where 251 587 sequences (86.5%)
had homology (1E""%%) with the Refsegs of six different primate species, including human and marmoset.
In parallel, 270 673 sequences (93.2%) were aligned to the human genome. When 247 090 sequences
were assembled into 17 232 contigs, most of the sequences (218 857 or 15 089 contigs) were located
in exonic regions, indicating that these genes are expressed in human and marmoset. The other 5578
sequences (or 808 contigs) mapping to the human genome were not located in exonic regions, suggesting
that they are not expressed in human. Furthermore, a different set of 118 potential coding sequences were
not similar to any Refseqs in any species, and, thus, may represent unknown genes. The cDNA libraries
developed in this study are available through RIKEN Bio Resource Center. A Web server for the marmoset
cDNAEs is available at http://marmoset.nig.ac.jp/index.html, where each marmoset EST sequence has been
annotated by reference to the human genome. These new libraries will be a useful genetic resource to fa-
cilitate research in the common marmoset.
Key words: common marmoset; cDNA; gene resource
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where this proves to be more difficult. These areas
include neuroscience, behavioural research, toxicol-
ogy, drug development, and infectious diseases." To
overcome these limitations, efforts have been made
to carry out biomedical studies in non-human
primate model organisms, as the latter are more
closely related to humans.

One of these established non-human primate
model organisms is Callithrix jacchus (common mar-
moset). The marmoset is a small new world monkey
and offers many advantages as an experimental
animal over other non-human primates. It is small
in size, which makes it comparatively easy to handle.
Furthermore, it has been bred in captivity and its
progeny have been maintained for >30 years in la-
boratory environments. Also, it does not harbour or
transmit hazardous infectious agents. Therefore, the
common marmoset is increasingly used in biomedical
research worldwide. For example, models of auto-
immune diseases involving the central nervous
system have been developed in the common marmo-
set and it has been used extensively as a primate
model.?~* More recently, genetically modified
common marmosets have been produced successfully
and their transgenes have been transmitted through
the germ line.® In the future, it would be very useful
to develop transgenic marmosets as models of
human diseases.

Intensive efforts have been made to develop re-
search tools for using the common marmoset as an
experimental animal. For instance, several lines of
monoclonal antibodies have been prepared, which
are directed against immunity-related antigens of
the marmoset.°”® Many, but not all anti-human
antigen antibodies cross-reacted with the corre-
sponding marmoset antigens, so it was necessary to
establish marmoset-specific antibodies.” A pilot
gene analysis study reported cDNA sequencing of im-
munity-related genes.'° Based on genome-wide ana-
lyses, a draft sequence of the common marmoset,
known as caljac3, was produced and made available
to the public via the genome browser of the
University of California Santa Cruz (http://genome.
ucsc.edu/).

The current study describes the preparation of
cDNA libraries for the common marmoset using
five different cell types/tissues, which resulted in
the identification of 290426 high-quality EST
sequences. These sequences were characterized by
comparison with the sequences of six primate
species, including humans. Overall, the EST
sequences transcribed in the marmoset shared
many common features with those from humans,
whereas a small fraction was found to be unique
to the marmoset.

cDNA Resources for the Common Marmoset
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2. Materials and methods

2.1. RNA extraction and library construction

Cytoplasmic RNA was extracted from the liver (MLI),
brain and spinal cord (MSC), spleen (MSP), testis
(MTE), and embryonic stem (ES) cells (MES) of the
common marmoset using Trizol reagent. Marmoset
ES cells were cultured as described previously.'" Full-
length cDNA libraries were constructed from the total
RNAs of the aforementioned tissues/cells using a
vector-capping method.'? cDNAs generated from MLI,
MSC, MSP, MTE, and MES were ligated into pGCAP1,
pGCAPzf3, pGCAPzf3, pGCAP10, and pGCAP10 vectors,
respectively. Colonies of Escherichia coli transformants
were picked randomly, inoculated into 384-well plates
using a Flexys colony picker (Genomic Solutions Ltd.,
Cambridgeshire, UK), and stored at —80°C.

2.2. EST sequencing

Colonies were picked from 99 plates for MSC; 200
plates each for MES, MSP, and MTE; and 201 plates
for MLI (Supplementary Table S1). Sequencing templates
were prepared using a TempliPhi DNA Amplification Kit
(GE Healthcare UK Ltd., Buckinghamshire, UK). The se-
quencing reactions for the 5-end directional ESTs were
conducted using a BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Inc., CA, USA). The
sequence primers used for pGCAP1, pGCAP10, and
pGCAPzf3 were 5'-AGGCCTGTACGGAAGTGT-3/, 5'-AGG
CCTGTACGGAAGTGT-3', and 5-CAAGGCCGATTAAGTT
GGGT-3/, respectively. The sequencing reaction products
were purified by ethanol precipitation and loaded onto
3730 DNA Analyzers (Applied Biosystems Inc.).

2.3. Selection of high-quality EST data

The raw sequence data were basecalled using the
KB basecaller program, which identified 345600
sequences. A cross-match program was applied to
the raw data to remove sequences derived from
vectors and those added as caps during plasmid
construction (—minimach 10, —minscore 20).
Low-quality sequences [quality value (QV) = one for
each nucleotide + 3 neighbouring nucleotides meas-
uring <105 in length] were masked by N (average
QV>15). If N was longer than 10 nucleotides,
sequences located 3’ of these N were removed.
Finally, only high-quality sequences longer than 100
nucleotides were selected and used in further ana-
lyses (see the high quality column, Supplementary
Table S1). There were 290426 high-quality ESTs,
which represented 84% of the raw sequence data.
High-quality EST sequences were obtained frequently
and were relatively abundant (93%) in MES and
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MTE, whereas their frequencies were comparatively
low (72—80%) in MLI, MSC, and MSP.

The sequence length was higher in MES and MTE
(702706 nucleotides), than in MLI, MSC, and MSP
(514-551 nucleotides; see the length column in
Supplementary Table S1). The differences in the
average length of readable sequences and the differ-
ences in the frequency of high-quality ESTs probably
reflected the quality of each cDNA library. The cDNA
libraries were also evaluated for transcription initi-
ation sites by searching for the presence or absence
of cap structure-derived guanine nucleotides at the
extreme 5’ end of each EST (see the G-cap column,
Supplementary Table S1). The frequency of G-cap-
positive sequences was >80% in all five cDNA librar-
ies, indicating that the synthesis of most cDNAs was
initiated at the 5’ end.

2.4, Registration of the sequences

All of the EST sequences were deposited in the DNA
Databank of Japan. Their accession numbers are as
follows; HX373156 to HX444163 for MES cDNAs,
HX444164 to HX500395 for MLI ¢cDNAs, HX500396
to HX529651 for MSC cDNAs, HX529652 to
HX591448 for MSP ¢DNAs, and HX591449 to
HX663542 for MTE cDNAs.

2.5. Tools used for sequence analyses

The following tools were used for sequence analysis:
BLAST (The Basic Local Alignment Search Tool) finds
regions of local similarity between sequences. The
program compares nucleotide or protein sequences to
sequence databases and calculates the statistical signifi-
cance of matches),'® BLAT (The BLAST-Like Alignment
Tool uses the index to find regions in the genome
likely to be homologous to the query sequence),'*
CD-HIT (a widely used program for clustering and com-
paring protein or nucleotide sequences. CD-HIT helps
to significantly reduce the computational and manual
efforts in many sequence analysis tasks and aids in
understanding the data structure and correct the bias
within a dataset),'®> CAP3 (a DNA sequence assembly
program),16 cross_match (this tool uses cross_match
to mask vector/adapter sequences and optimally trim
vector sequence and/or polyA/T trail. It takes a set of
sequences to be masked, and a set of vectors/adapters
used to perform masking),'” EMBOSS (getorf finds and
extracts open reading frames),'® and InterProScan (a
protein domains identifier)."®

3. Results and discussion

3.1. EST clustering and assembly

The 290 426 sequences obtained by normalization
of ESTs as in Section 2.3 were clustered and/or
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assembled to estimate how many genes/transcrip-
tional units were read as ESTs (Table 1). Overlapping
sequences were clustered within the longest sequence
using the CD-HIT program, whereas overlapping
sequences were assembled and extended into a
contig using the CAP3 program. According to the
CD-HIT program, the number of clusters varied from
10010 in MLl to 29028 in MTE The summed
number of contigs and singletons ranged from 8831
in MLIto 25 909 in MTE. According to both programs,
MTE had the highest number of clusters/assemblies,
suggesting that the testis had the greatest number
of expressed transcriptional units. Notably, there
were some more clusters than assemblies in each
c¢DNA library. In fact, the total and non-redundant
numbers in the five different libraries were 62 210
clusters and 60 568 assemblies (Table 1). This small
difference (62210 versus 60568) suggests that
most of the EST sequences obtained correspond to
the mRNA 5 end (as for another indication of
similar performance of CD-HIT and CAP3, see
Supplementary Fig. S1).

3.2. Assignment of marmoset ESTs to the Refseq
mMRNAs of primates

All 290 426 sequences were examined by compar-
ing them with the known sequences registered at
the NCBI as Refseq mRNAs (http://ncbi.nlm.nih.gov/
RefSeqg/). Refsegs from six different primates were
used in the reference dataset, including Homo
sapiens, Pan troglodytes, Pongo abelii, Macaca mulatta,
Nomascus leucogenys, and C. jacchus. 1t should be
noted that the human Refsegs were based on cDNA

Table 1, Clustering of ESTs by CD-HIT and assembly of ESTs by
CAP3

Libraries Number Number of Number of contigs and
of ESTs clusters by singlets assembled by
CD-HIT CAP3
MES 71009 17467 15837 =5519
(contig) + 10318
(singlet)
MLI 56232 10010 8831 =3319
(contig) + 5512 (singlet)
MSC 29258 12309 10617 =3764
(contig) + 6853 (singlet)
MSP 61831 16600 14 268=5086
(contig) + 9182 (singlet)
MTE 72096 29028 25909 = 8044
(contig) + 17 865
(singlet)
All 290426 62210 60568=17232

(contig) + 43 336
(singlet)

Parameters used in CD-HIT and CAP3 programs were
default.
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sequences, whereas the Refsegs from other primate
species were based mainly on the predictions of
genomic sequences. The search program used was
BLASTn and the threshold of significant homology
was set to 1E7'%° which was a very strict criterion.

Atotal of 239 920 and 231 084 sequences shared
homology with human and marmoset Refsegs, re-
spectively (Table 2). Homology with the combined
Refsegs from the six primates was found for 251
587 sequences (85.6% of 290426). Therefore,
these 251587 sequences were designated as
primate homologues. The average length of the hom-
ologous sequences was 528 nucleotides. Of these 251
587 sequences, 4974 sequences were identical to
their corresponding Refseq sequences, whereas 94
102 sequences shared 100% nucleotide sequence
identity only with the aligned homologous regions.
Additionally, 931 sequences shared homology with
the Refsegs of non-primates. Most of these sequences
were homologous to mouse Refsegs, suggesting that
they were probably derived from mouse cells that
were used as a feeder layer to culture ES cells.

Out of the above described 251 587 primate
homologues, only sequences that shared homology
with the Refseqs of all six primates were extracted,
and that yielded 199 511 sequences. Then, for each
of 199 511 sequences, the alignments between the
EST and Refseq with the highest score among the six
primates were selected, and 199511 sequences
were grouped into six for each primate species.
Finally, the average identities and coverage were cal-
culated using the alignments for each primate
species (Table 3). As expected, the highest sequence
identity (99%) was between the marmoset EST and
marmoset Refseq. The average sequence identities
between the marmoset EST and the Refsegs of the

Table 2. Assignment of common marmoset ESTs to primates’
Refseq

Species derivation
of Refseq

Homo sapiens

Number of ESTs homologous to Refseq
(number of homologous genes)

239920 (13 825)
233913 (14372)
231084 (13 499)
231354 (13 898)
229151 (13677)

Pan troglodytes
Callithrix jacchus
Pongo abelii
Macaca mulatta

Nomascus 228749 (13 296)
leucogenys

Six primates 251587
Non-primates 931

EST sequences of common marmoset (total 290 426) were
referred to primates’ Refseq mRNA that are registered at
NCBI. Homology was searched using BLASTn and judged sig-
nificant at <1199,
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other five primate species were in a similar range
(94-95%). Thus, the sequences differed by ~5%
between the marmoset and the other five primates.
The coverage was highest between the marmoset EST
and human Refseq (91%), whereas it was lowest
between the marmoset EST and marmoset Refseq
(84%). This difference of 6% corresponded to 25 nucleo-
tides, so it is likely that the alignment of the EST and
marmoset Refsegs started 25 nucleotides downstream
from the 5’ end of the marmoset Refseq. This might
suggest that the 5’UTR of the marmoset Refseq was
not predicted precisely from its genomic sequence.

In the above assignment of marmoset ESTs to pri-
mates’ Refseqs in Table 2, the Refsegs used as refer-
ences can be re-classified into non-overlapping,
distinct gene entities. Homologous sequences of 239
920 and 231 084 corresponded to 13 825 human
and 13499 marmoset genes, respectively (see the
numbers in parenthesis in Table 2). In addition, we
searched for HomoloGenes (http://www.ncbi.nlm.
nih.gov/homologene) that are found in common
among Homo sapiens, Pan troglodytes, and Macaca
mulatta, and detected 9879 Homologenes. When
identities and coverage between marmoset ESTs and
primates’ Refseq were recalculated for these 9879
Homologenes (see the numbers in parenthesis in
Table 3), coverage increased by 2—3%, whereas iden-
tity between marmoset and human remained the
same (94-95%). Thus, it appears again plausible
that the sequences diverge by 5% between marmoset
and other primates including human.

3.3. Mapping marmoset ESTs to the human genome

Each marmoset EST sequence (total 290426
reads) was mapped to the human genome (hgt9)

Table 3. Identity and coverage between homologous marmoset
ESTs and primates’ Refseq

Species Identity for Refseq (for  Coverage for Refseq
derivation of 9879 HomoloGenes) (for 9879
Refseq HomaoloGenes)

Homo sapiens 94.88% (94.54%)

94.86% (94.54%)

91.14% (93.91%)

Pan troglodytes 88.84% (92.11%)

Callithrix 99.55% 84.70%

jacchus

Pongo abelii 94.77% 87.36%

Macaca 94.73% (94.44%) 87.20% (89.66%)
mulatta

Nomascus 94.72% 87.80%
leucogenys '

Identity (%) represents a degree of identity between the
aligned two sequences of high-scoring segment pairs,
whereas coverage (%) represents a ratio of aligned sequence
length over an entire length of EST. See the text as for the
details how identity and coverage were calculated.
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