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Abstract

An improved version of a polymerase chain reaction (PCR)-restriction fragment length polymorphism (RFLP) method for genotyping toxic
pufferfish species by liquid chromatography/electrospray ionization mass spectrometry (LC/ESI-MS) is described. DNA extraction is carried out
using a silica membrane-based DNA extraction kit. After the PCR amplification using a detergent-free PCR buffer, restriction enzymes are added
to the solution without purifying the reaction solution. A reverse-phase silica monolith column and a Fourier transform high resolution mass
spectrometer having a modified Kingdon trap analyzer are employed for separation and detection, respectively. The mobile phase, consisting
of 400 mM 1,1,1,3,3,3-hexafluoro-2-propanol, 15 mM triethylamine (pH 7.9) and methanol, is delivered at a flow rate of 0.4 ml/min. The cycle
time for LC/ESI-MS analysis is 8 min including equilibration of the column. Deconvolution software having an isotope distribution model of the
oligonucleotide is used to calculate the corresponding monoisotopic mass from the mass spectrum. For analysis of oligonucleotides (range 26-79
nucleotides), mass accuracy was 0.62 ± 0.74 ppm (n = 280) and excellent accuracy and precision were sustained for 180 hr without use of a lock
mass standard.

Video Link

The video component of this article can be found at https://www.jove.com/video/54402/

Introduction

Mass spectrometry (MS) is an accepted technology for rapid and reliable identification of nucleic acids, matrix-assisted laser desorption/
ionization (MALDI) and electrospray ionization (ESI) being used for ionization1,2. The MALDI technique is typically combined with a time-of-flight
(TOF) analyzer; however, the application of MALDI-TOF MS is limited to short oligonucleotides (~25 nucleotides (nt)) owing to the subsequent
fragmentation, adduct formation and low ionization efficiency1,2. In contrast, ESI is applicable to longer oligonucleotides (>100 nt), but many
charge states of multiple charged ions ([M−nH]n−) are produced simultaneously from biomacromolecules and, therefore, the mass of the analyte
can exceed the upper limit of the m/z range of the spectrometer. This requires the interpretation of the convoluted spectra, i.e., transformation of
a charge state series into the corresponding mass via deconvolution.

In the case of mass measurement of a small molecule, the peak of the monoisotopic mass, i.e., the mass of the molecule containing only the
most common isotope of each element is the most abundant and observed naturally3. As the molecular weight increases, the isotopic distribution
shifts to higher m/z and the monoisotopic peak becomes obscured by baseline noise3-5. Once the monoisotopic peak is no longer detectable for
masses greater than 10 kDa3, the average molecular mass is used for measurement rather than the monoisotopic mass5. In such cases, the
isotopic distribution in which each of the individual peaks is separated by 1 Da can only be observed when a high resolution mass analyzer such
as a TOF, a Fourier transform modified Kingdon trap analyzer6, or a Fourier transform ion cyclotron resonance analyzer is used for analysis.
However, the most abundant peak is sometimes not consistent with the average molecular mass5. These problems can lead to difficulty for
accurately determining analytes.

Given the variation in the natural abundance of stable isotopes and the difficulties in the determining the average molecular mass, measurement
of the monoisotopic mass is ideal for mass characterization of biomolecules3,4. In practice, whether a monoisotopic peak can be observed or not,
the monoisotopic mass can be estimated by comparing the pattern of the observed isotopic distribution to the theoretical one calculated from a
model analyte4,7-10. The fitting algorithm8 is now incorporated into proprietary software.

In the context of ESI-MS, dissociation of a DNA duplex, purification and desalting are required for direct measurement to avoid the failure
of ionization due to ion suppression and adduct formation2,10-14. These procedures are troublesome, however, fully automated analytical
systems have been developed commercially involving polymerase chain reaction (PCR), sample preparation and ESI-MS for the detection of
pathogens15-20. Another approach is introducing liquid chromatography (LC) for separation. LC provides an on-line separation of the analytes
from coexisting substances and does not require a laborious sample preparation prior to ionization21,22. However, separation of nucleic acids
using a MS-compatible mobile phase is more difficult than for most other compounds such as drugs, peptides and proteins owing to the
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polyanionic nature of the nucleotides. The most successful examples of LC/ESI-MS involve the use of ion-pair reverse-phase LC. A mobile
phase of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)-triethylamine (TEA)-methanol was initially proposed by Apffel et al. for separating and
detecting short oligonucleotides23. Application of LC/ESI-MS genotyping for differentiation of pathogen species, single-nucleotide polymorphisms
and short tandem repeats has been reported using a capillary polymer-monolith column that can separate longer oligonucleotides1,21,24-33.

In Japan and the United States, serious food poisoning has occurred due to misidentification and inappropriate preparation of pufferfish, and this
is despite the fact that the distribution and preparation of pufferfish is strictly controlled by food safety legislation34,35. Moreover, an intentional
homicide using pufferfish extract did occur in Japan36. Therefore, differentiation of pufferfish species is required from both public health and
forensic investigative standpoints. Additionally, because Takifugu rubripes is far more expensive than other kinds of pufferfish, a differentiation
capability is also needed in the context of food fraud investigations.

Here, a detailed method for determining the monoisotopic mass of a PCR product by LC/ESI-MS using a reverse-phase silica monolith column
and a high resolution mass spectrometer is described. Specifically, the approach has been developed to permit differentiation of toxic pufferfish
species based on the use of the PCR restriction fragment length polymorphism (RFLP) method37, which is the first example for species
differentiation of animals using MS.

Protocol

1. DNA Extraction

Note: Use a separate room for DNA extraction and post-PCR examinations such as gel electrophoresis and LC/ESI-MS. Add ethanol to wash
buffer 1 (containing guanidine hydrochloride) and wash buffer 2 (not containing guanidine hydrochloride) according to the DNA extraction kit
protocol. Fish samples were obtained from fish wholesalers and retail markets in Japan.

1. Place 30-50 mg of fish tissue in a 0.5 ml or 1.5 ml microcentrifuge tube. Squash the tissue using a micro-spatula (except for fin and skin).
 

Note: In the case of fin, use a 0.5 ml tube for soaking.
2. Add 180 µl of the lysis buffer and 40 µl of proteinase K and vortex briefly. Incubate at 56 °C on a block heater for 2 hr or overnight. Mix by

briefly vortexing every 15 min during the incubation.
 

Note: Complete lysis is not necessary.
3. Centrifuge for 5 min at 13,000 x g. After centrifugation, if a small amount of oil exists on the surface in the case of a fatty sample such as liver,

discard it. Transfer supernatant to a new 1.5 ml microcentrifuge tube.
4. Add 200 µl of the chaotropic buffer containing guanidine hydrochloride and mix by vortexing. Add 200 µl of ethanol (99.5%) and mix by

vortexing again.
5. Transfer the mixture into the spin column placed in a 2 ml collection tube. Centrifuge for 1 min at 13,000 x g. Discard the flow-through.

 

Caution: Do not add bleach to the waste because guanidine can form highly reactive compounds with bleach.
6. Add 500 µl of the wash buffer 1 (containing guanidine hydrochloride) and centrifuge for 1 min at 13,000 x g. Discard the flow through and the

collection tube.
7. Place the spin column in a new 2 ml collection tube provided with the kit. Add 500 µl of the wash buffer 2 and centrifuge for 3 min at 20,000 x

g. Discard the flow-through and the collection tube. Transfer the spin column to a new 1.5 ml microcentrifuge tube.
8. Pipet 200 µl of the elution buffer to the center of the spin column membrane. After 1 min, centrifuge for 1 min at 6,000 x g.
9. Pipet 50 µl of the eluate to a disposable UV cuvette and measure the UV spectrum of the eluate at 220-300 nm and the absorbance at 260

nm using a spectrophotometer.
10. Verify the UV spectrum of DNA with the peak at 260 nm. Calculate the approximate DNA concentration using the simple equation "DNA

concentration (ng/µl) = absorbance at 260 nm x 50".
 

Note: Typical DNA concentration extracted from the fins of pufferfish is 63 ± 30 ng/µl (n = 20).
11. If the DNA concentration is higher than 10 ng/µl, dilute the DNA samples with Tris-EDTA (TE) buffer (pH 8) to 5 ng/µl.
12. Store the sample at −20 °C or proceed to PCR amplification (section 2).

2. PCR

1. Set up 25 µl PCR for each extracted DNA sample, positive control (0.2 µM synthesized oligonucleotide having the target sequence in TE
buffer pH 8.0) and negative control (ultrapurified water instead of DNA sample) on ice as per Tables 1 and 2 on a clean bench to avoid
contamination.
 

Note: For easy operation, make sufficient amount of cocktail containing all reagents without template DNA and dispense it. Use DNA
polymerase having proofreading activity to avoid the addition of 3' A overhangs to the PCR product.

2. Carry out PCR amplification on a thermal cycler using the cycle program shown in Table 3.

3. Enzymatic Digestion

1. Add 2 µl of the solution containing 100 mM Tris-HCl (pH 7.5), 100 mM MgCl2, 10 mM dithiothreitol and 500 mM NaCl to the PCR solution.
2. Add 1 µl of each restriction enzyme (Dra I and Msp I) and mix gently. Incubate for 30 min at 37 °C on the thermal cycler.
3. Incubate for 5 min at 72 °C to activate the remaining DNA polymerase, which fills the sticky end generated by Msp I.
4. Optional: Analyze each 2.5 µl of the reaction solution by polyacrylamide gel electrophoresis using a cross link ratio (%C, percentage of

bisacrylamide) of 3.33 (wt %) and a polyacrylamide gel concentration (%T) of 15 (% w/v)38. Stain the gel using the fluorescent DNA stain and
observe double-strand DNA on a blue light transilluminator using an amber screen.

5. Filter the reaction solution with a 0.2-0.5 µm centrifugal filter device to prevent clogging, which would damage the analytical column.
6. Transfer the filtrate to a tapered polypropylene vial and store at -20 °C until analysis.
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4. LC/ESI-MS Analysis

1. Weigh 67.2 g (ca. 42 ml) of HFIP and 1.52 g (ca. 2.0 ml) of TEA in a 1 L bottle. Add 955 ml of ultrapurified water (LC/MS grade) and stir using
a magnetic stirrer until the reagents are completely dissolved. Take an aliquot of the solution and check the pH (between 7.85 and 7.95;
ideally pH = 7.9) using a pH meter.
 

Note: Do not return the aliquot to the bottle to avoid contamination by metal ions. If the pH is not 7.9, add a small amount of either HFIP or
TEA to adjust the pH and measure the pH again.

2. Connect the bottle to line A of the liquid chromatograph with cooling of the bottle using a direct cooling portable refrigerator (for household
use) to prevent vaporization. Connect another bottle filled with methanol to line B.

3. Connect the guard column and the analytical column (2.0 x 50 mm, mesopore size = 30 nm) to the liquid chromatograph. Start flowing the
initial mobile phase (95% A and 5% B) to equilibrate the columns.

4. Prepare 0.5 mg/ml sodium trifluoroacetate (pH 3.5) as a calibrant39.
1. Weigh 50 mg (ca. 34 µl) of trifluoroacetic acid in a beaker.
2. Add 30 ml of ultrapurified water and titrate to pH 3.5 with 10 mM sodium hydroxide with the aid of a pH meter.
3. Fill up to 50 ml with ultrapurified water. Add 50 ml of acetonitrile (LC/MS grade) and mix.
4. Take a portion of the working solution and store it at room temperature. Store the rest of the solution at 4 °C.

5. Reduce the nitrogen pressure of the C-trap as follows.
 

Note: Recent Fourier transform mass spectrometers, which are suitable for intact protein analysis, have control software to control pressure.
1. Remove the left top cover of the mass spectrometer. The C-trap valve is at the corner of the left foreground.
2. Check high vacuum pressure value in the instrument status window of the control software.

 

Note: The value is typically, 3 x 10−8 bar.
3. Pull the knob to unlock and turn the knob anticlockwise very slowly to reduce the high vacuum pressure to 1/3 (typically, 1 x 10−8 bar).

The indicated pressure should change gradually in a delayed manner. Ignore the warning message about low pressure. Push the knob
to lock.

4. Restore the top cover for safety.

6. Calibrate the mass spectrometer using sodium trifluoroacetate39.
 

Note: Daily mass calibration can be replaced by this protocol, however, the recommended calibration suggested by the manufacturer should
have been completed prior to this calibration.

1. Set scan parameters and heated ESI source parameters in the instrument control box of the tuning software as follows: scan type full
MS; scan range m/z 500-4,000; fragmentation (in-source collision induced dissociation (CID) voltage 60 eV; polarity negative; auto gain
control (AGC) target 1 x 106, maximum inject time 50 msec; sheath gas flow rate 5; aux gas flow rate 0; sweep gas flow rate 0; spray
voltage 3 kV; capillary temperature 320 °C; S-lens radiofrequency (RF) level 100; heater temperature 30 °C.

1. Input the list of negative ions to be monitored as m/z 792.85908, 1064.80870, 1336.75832, 1608.70794, 1880.65755,
2152.60717, 2424.55679, 2696.50640, 2968.45602, 3376.38045.

2. Move the heated ESI probe closer to the interface of the mass spectrometer (position B). Connect the probe and a syringe with a tube.
3. Infuse the calibrant constantly at a flow rate of 10 µl/min using the embedded syringe pump. Check only the 6 lower mass ions (m/z

792.85908-2152.60717) in the customized calibration table.
1. Proceed with calibration after the intensity of the signals are stabilized. After the calibration, check only the six higher mass ions

(m/z 1880.65755-3376.38045) and proceed with calibration. Avoid calibrating using all ions at once to avoid failure.

7. Move the probe to the appropriate position for a flow rate of 0.4 ml/min (position D) and connect to the liquid chromatograph with an inert
metal tube.

8. Set the heated ESI source parameters in the instrument control box of the tuning software as follows: sheath gas flow rate 50; aux gas flow
rate 15; sweep gas flow rate 1; spray voltage 2.5 kV; capillary temperature 350 °C; S-lens RF level 100; heater temperature 350 °C.

9. Set acquisition parameters of the mass spectrometer in the instrumental setup window as follows: method duration 8 min; divert valve, 3.5-6
min to mass spectrometer, 0-3.5 and 6-8 min to waste; runtime 3.5 to 6 min; polarity negative; in source CID voltage 15.0 eV; microscans
3; nominal resolution power (at m/z 200) 140,000; AGC target 1 x 106; maximum ion time 50 msec; number of scans 1; scan range m/z
700-3,500; spectrum data type profile.

10. Set parameters of liquid chromatograph as follows: column oven temperature 20 °C; sample tray temperature 10 °C; gradient program 0-0.5
min 5% B, 0.5-1 min 5-30% B, 1-3.5 min 30-40% B, 3.5-5 min 40-98% B, 5-6 min 98% B, 6-6.05 min 98-5% B, 6.05-8 min 5% B; flow rate 0.4
ml/min.

11. Purge bubbles by tapping the bottoms of the vials. Set sample vials on the sample rack and inject 1.0 µl of a sample using the autosampler to
start analysis.

12. Open raw data files with the browser software and confirm that all the acquisitions are successfully finished, including the positive and
negative controls.
 

Note: Typically, two or three peaks would be observed in the total ion current chromatogram at a retention time of 4-5.5 min when pufferfish
DNA is successfully amplified and digested.

5. Deconvolution and Interpretation

1. Start the deconvolution software. Select experiment type "auto extract (isotopically resolved)".
2. Edit a method using the following parameters: output mass M; S/N threshold 3, relative abundance threshold 0; negative charge yes;

calculate extracted ion current chromatogram (XIC) yes; m/z range 700-3,500; charge carrier H+; minimum number of detected charge 3;
isotope ratio nucleotide; fit factor 80%; remainder threshold 0%; consider overlaps yes; charge range 3-50; minimum intensity 1; expected
intensity error 3.
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1. Save as a new method and select it.

3. Select the directory where the raw data files exist. Select the raw data files to be analyzed and click 'Add to Queue' button.
4. Click 'Run' button at 'Run Queue' tab to start deconvolution.
5. After the queue is completed, select a row and click 'Open Result' in the upper caption to obtain the results of deconvolution.
6. Interpret the results from the monoisotopic masses derived from the peaks at a retention time of 4-5.5 min using Table 4.

Representative Results

Three commercially-available columns were evaluated for the separation of long oligonucleotides at flow rates of 100-400 µl/min. A wide-pore
octadecyl carbon chain (C18)-bonded particulate silica column (a), a commercially-available poly(styrene-divinylbenzene) (PS-DVB) monolith
column (b) and a C18-bonded silica monolith column (c) were compared (Figure 1). Three pairs of the DNA duplexes (26, 37 and 53 bp) were
separated using all the columns, and the C18-bonded silica monolith column was used in subsequent studies.

Representative results for the analysis of a DNA sample extracted from the muscle of T. rubripes is shown in Figure 2. Isotopically resolved
peaks, as shown in Figure 2a, are required for successfully calculating the monoisotopic mass. The theoretical and measured monoisotopic
mass of T. rubripes are shown in Figure 2b. Because the digestion with the endonucleases is performed just after PCR amplification without
purification, the 3ʹ-sticky end generated by the Msp I endonuclease is filled up with the remaining DNA polymerase. According to the analysis
of amplicons derived from the synthetic DNA templates, mass accuracy ranged from -2.48 to 2.40 ppm (0.62 ± 0.74 ppm on average, n = 280).
Thus, a mass tolerance of 3 ppm was used for differentiating species (Table 4). Using the table, all of the pufferfish samples obtained from
markets and stores were properly differentiated as specific species37.

According to the periodic analysis of the sample obtained from the synthetic DNA template of T. chrysops, all the monoisotopic masses of
the analytes were successfully determined within ± 3 ppm for at least 180 hr without any mass calibration (Figure 3). This means that mass
calibration would be required on a weekly basis.

 

Figure 1: Total ion current chromatograms of the PCR-RFLP product derived from the synthesized DNA template of T. pardalis using a
C18-bonded particulate silica column (a, 3×250 mm, particle size 3 µm), a poly(styrene-divinylbenzene) (PS-DVB) monolith column (b,
1.0×250 mm) and a C18-bonded monolith silica column (c, present method). Conditions for (a): flow rate 0.2 ml/min; ratio of methanol, 0-2
min 5%, 2-5 min 5%-25%, 5-20 min 25%-40%, 20-35 min 40%-98%, 35-50 min 98%, 50-51 min 98%-5%, 51-65 min 5%. Conditions for (b): flow
rate 0.1 ml/min; ratio of methanol, 0-2 min 5%, 2-5 min 5%-25%, 5-35 min 25%-40%, 35-40 min 40%-98%, 40-55 min 98%, 55-56 min 98%-5%,
56-70 min 5%. The temperature for both columns was 20 °C. Please click here to view a larger version of this figure.
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Figure 2: Representative results for analyzing raw muscle of T. rubripes. (a) Typical total ion current chromatograms and mass spectrum.
(b) Theoretical and measured monoisotopic masses of the PCR-RFLP products derived from the synthesized DNA template of T. rubripes.
Please click here to view a larger version of this figure.

 

Figure 3: Stability test. Digested amplicons derived from the synthetic DNA of T. chrysops were analyzed every 10 hr. Mass calibration was not
performed during the test. Please click here to view a larger version of this figure.

Name Sequence

lago86F 5ʹ-CCATGTGGAATGAAAACACC-3ʹ

taki114F 5ʹ-AAAAACAAGAGCCACAGCTCTAA-3ʹ

fugu86-114R 5ʹ-CCCTAGGGTAACTCGGTTCG-3ʹ

Table 1: PCR primers.

PCR reagent Volume used Final concentration

Ultrapurified water 15.75 μl

Detergent-free 5x Buffer 5.0 μl 1x

dNTP mix (10 mM each) 0.5 μl 0.2 mM

Primer mix (10 μM each of lago86F, taki114F
and fugu86-114R in TE buffer pH 8.0)

1.0 μl 0.4 μM each

DNA polymerase (2.5 unit/μl) 0.25 μl 0.1 unit/μl

Template DNA in TE buffer pH 8.0 (5.0–10 ng/
μl for extracted sample, 0.2 μM for synthetic
DNA as positive control)

2.5 μl 0.5-1.0 ng/μl for extracted DNA and 20 nM for
synthetic DNA

Total: 25 μl

Table 2: Components of a 25 µl scale PCR.
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Cycle Condition Function

1 2 min at 95 °C Initial denaturation

2 30 s at 95 °C Denaturation

3 30 s at 56 °C Annealing

4 30 s at 72 °C Elongation

5 Repeat 2-4 (totally 30 cycles)

6 7 min at 72 °C Final Elongation

7 Hold at 12 °C until removal of the sample

Table 3: PCR program.

Monoisotopic mass of the third peak in the
range (Da)

Monoisotopic mass of the second peak in the
range (Da)

Peak number at
retention time of
4.0-5.5 min Smaller strand Larger strand Smaller strand Larger strand

Pufferfish species

15890.707–15890.803 16177.531–16177.629 L. inermis

15921.702–15921.797 16146.537–16146.634 L. gloveri

15930.713–15930.809 16137.525–16137.622 L. lunaris

15937.697–15937.792 16131.537–16131.634 L. wheeleri

2 → →

24173.034–24173.179 24566.905–24567.053 T. chrysops

11341.851–11341.919 11466.875–11466.944 T. pardalis
 

T. snyderi
 

T. ocellatus
 

T. xanthopterus
 

T. stictonotus

16295.706–16295.804 16467.610–16467.709

11654.908–11654.978 11770.920–11770.991 T. niphobles

16296.701–16296.799 16468.605–16468.704 → → T. rubripes

16311.701–16311.799 16452.610–16452.709 → → T. poecilonotus
 

T. exascurus

16320.713–16320.811 16443.599–16443.697 → → T. porphyreus
 

T. obscurus

3

16599.751–16599.851 16780.667–16780.767 → → T. vermicularis

Table 4: Differentiation of pufferfish from monoisotopic masses derived from LC/ESI-MS.

 

Table 5: Amplified DNA sequence. (a) The sequence is identical to that of the other pufferfish species as described in Table 4. Please click
here to view a larger version of this table.

Discussion

To extract DNA, a commercial kit for extracting DNA from blood and tissues is used in accordance with the protocol of the manufacturer with
minor modification (amount of proteinase K and centrifugation of the lysis solution). However, any extraction kit can be used as long as cellular
DNA can be extracted with appropriate recovery and purity for PCR. This method has been tested using muscle, fin, liver, ovary, and skin37.
Fin is especially suitable because of the large surface area, which enables rapid lysis with proteinase K. Fresh, frozen, dried, boiled and baked
pufferfish samples were tested successfully37.

The PCR primer set (Table 1) is designed for pufferfish and amplifies the mitochondrial 16S ribosomal RNA gene of pufferfish. The target
DNA to amplify is 114-115 bp (genus Takifugu) and 86 bp (genus Lagocephalus) (Table 5). To facilitate method development, synthesized
oligonucleotides having the target sequences were used for the reference instead of collecting authentic pufferfish specimens. The primer set
can be replaced by another primer set in response to the purpose, however, final DNA length after enzymatic digestion should be less than 100
nt in terms of maintaining the quality of the mass spectrum required for successful deconvolution. Additionally, nitrogen pressure in the C-trap
should be reduced when the target oligonucleotide is longer than about 75 nt and the quality of the mass spectrum is insufficient for successful
deconvolution. Such limitations can be controlled through recent developments in instrument software, otherwise the valve for the C-trap inside
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the chassis must be tuned as described in the protocol section. As for sample preparation, use of detergent-free reagents is critical for the
subsequent LC in terms of appropriate peak shape, sufficient peak intensity and stable retention time31.

A PS-DVB capillary monolith column21,24-33, a C18 reverse-phase particulate silica column23,40,41 and a hydrophobic interaction chromatography
(HILIC) column42 have been used for the LC/ESI-MS analysis of oligonucleotides. Among them, the capillary monolith column is superior to the
others in terms of separation capacity, however, the capillary monolith column used in past studies was made in-house and operated at a low
flow rate (2 µl/min), which requires instrumentation dedicated to micro LC. To facilitate easy operation, commercially-available columns were
evaluated for the separation of long oligonucleotides at higher flow rates (100-400 µl/min). Three pairs of DNA duplexes (26, 37 and 53 bp) were
separated using the above-mentioned columns, however, the cycle times of the C18-bonded particulate silica column and the PS-DVB monolith
column were 65 and 70 min, respectively, whereas that of the C18-bonded silica monolith column was 8 min (Figure 1). Taking rapid analysis
into consideration, the C18-bonded silica monolith column was chosen for our purposes despite the limited separation capacity; however the
remaining two columns may be employed when improved separation is required. Theoretically, in the case of a monolith column, there is no
interstitial volume and the mobile phase would be forced to flow through the pores of the solid phase while maintaining a consistent path length,
thus enabling an efficient separation27. Such processes would be manifested, particularly in the analysis of biomacromolecules such as an
oligonucleotide, as the slow diffusion of the large molecules. One of the practical merits of a monolith column is that the back pressure is lower
than that of a particulate silica column27. Despite the high flow rate (400 µl/min) and low column temperature (20 °C), maximum back pressure
of the system was 12.5 MPa37. This is the first demonstration of the advantage of a C18-bonded silica monolith column for the rapid analysis of
a long oligonucleotide. Owing to the high flow rate, a dedicated instrument for micro LC and precise alignment at the interface are not required.
Instead, a heated ESI probe is required to dissociate the DNA duplex and assist ionization of DNA as described later.

Ion-pair chromatography is commonly used for the MS-compatible separation of oligonucleotides. However, an ion-pair reagent generally
interferes with the ESI process and decreases sensitivity of ESI-MS. Therefore, HFIP is frequently used for the mobile phase to improve the
sensitivity of the oligonucleotide. However, HFIP (boiling point 59 °C) vaporizes rapidly at the interface before methanol (boiling point 65 °C) and,
therefore, this loss of solvent increases pH and promotes dissociation of the ion-pair reagent (i.e., TEA) from the oligonucleotide. Because the
present method employs a heated ESI probe, which nebulizes the eluate with hot nitrogen gas at 350 °C, this effect may be over-emphasized.
Instead of HFIP-TEA buffer, Erb and Oberacher recommended cyclohexyldimethylammonium acetate (CycHDMAA; pH 8.4) for genotyping
analysis because of a reduction in adduct formation with trace metal ions33. The authors deduced that CycHDMAA itself suppressed the
formation of the metal adduct. Despite the literature, significant adduct formation has not been observed in the present method. Additionally,
the noteworthy benefit of the HFIP-TEA-methanol system is that the peak area obtained with the HFIP-TEA-methanol system was 17 times
greater than that obtained from the CycHDMAA-acetonitrile system when analyzing an 86 bp amplicon of T. poecilonotus (data not shown). One
disadvantage of the HFIP-TEA-methanol system, however, is the increased cost relative to the CycHDMAA-acetonitrile system.

Calculation of the monoisotopic mass requires the separation of isotopic peaks of multiply charged ions. Therefore, resolution is critical for the
present analysis. Although requisite resolution power is dependent on the base pair length of the analyte, conventional TOF analyzers, which
have a resolution power of several tens of thousands, may be limited for the analysis of short oligonucleotides.

The theoretical monoisotopic masses shown in Table 4 were calculated from the corresponding base compositions of the analytes. Alternatively,
Muddiman et al. developed a software application to calculate the base composition from the accurate mass43. A similar program was integrated
into the automated ESI-MS system16-18. The use of these algorithms may improve the robustness of the present method because a measured
monoisotopic mass does not always correspond to a unique base composition owing to the mass tolerance of 3 ppm resulting from the inevitable
measurement error. Unfortunately, we could not obtain these software products for the present study.

The present monoisotopic mass-based species determination may be suitable not only for the differentiation of pufferfish but also for the
detection of other DNA polymorphisms because the present method is based on analyzing the base composition and does not involve a
procedure specifically designed for pufferfish. As for the detection of DNA polymorphism, the dedicated ESI-MS system is fully automated and
easy to operate, which may be suitable for diagnostic use such as detection of pathogens15,17,18,20,30. Conversely, the present method is feasible
with common research instruments and apparatus and, therefore, suitable for research uses. ESI-MS has already been applied to human DNA
polymorphism such as single nucleotide polymorphism13,28,32, short tandem repetition26, and mitochondrial DNA analsis16,19. Micro RNA was
also analyzed via capillary LC/ESI-MS44. These published applications can also be realized by the present method. In addition, this method may
be suitable for monitoring the interaction between oligonucleotide and low-molecular-weight compounds, such as the interaction of antibiotics
and ribosomal RNA45 owing to the low-temperature separation. In such cases, oligonucleotides and low-molecular-weight compounds should be
detected simultaneously, which is an advantage of using LC/ESI-MS.

There is a limitation that the instrumentation is not suitable for performing parallel analysis as in conventional techniques such as Sanger
sequencing and real-time PCR. Additionally, the present method identifies only base composition and any base substitution within the same
molecule cannot be distinguished. However, the MS-based DNA analysis described here may still have merit in terms of accuracy in comparison
with the DNA binding dye-based techniques such as gel electrophoresis and real-time PCR.
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