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Background. Multiplexed sequencing is commonly performed on massively parallel short-
read sequencing platforms such as Illumina, and the efficiency of library normalisation can
affect the quality of the output dataset. Although several library normalisation approaches
have been established, none is ideal for highly multiplexed sequencing due to issues of
cost and/or processing time.  Methods. An inexpensive and high-throughput library
quantification method has been developed, based on an adaptation of the melting curve
assay. Sequencing libraries were subjected to the assay using the Bio-Rad Laboratories
CFX ConnectTM Real-Time PCR Detection System. The library quantity was calculated
through summation of reduction of relative fluorescence units between 86 and 95°C.
Results. PCR-enriched sequencing libraries are suitable for this quantification without pre-
purification of DNA. Short DNA molecules, which ideally should be eliminated from the
library for subsequent processing, were differentiated from the target DNA in a mixture on
the basis of differences in melting temperature. Quantification results for long sequences
targeted using the melting curve assay were correlated with those from existing methods
(R2>0.77), and that observed from MiSeq sequencing (R2 = 0.82).  Discussion. The results
of multiplexed sequencing suggested that the normalisation performance of the described
method is equivalent to that of another recently reported high-throughput bead-based
method, BeNUS. However, costs for the melting curve assay are considerably lower and
processing times shorter than those of other existing methods, suggesting greater
suitability for highly multiplexed sequencing applications.
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15 Abstract
16 Background. Multiplexed sequencing is commonly performed on massively parallel 

17 short-read sequencing platforms such as Illumina, and the efficiency of library 

18 normalisation can affect the quality of the output dataset. Although several library 

19 normalisation approaches have been established, none is ideal for highly multiplexed 

20 sequencing due to issues of cost and/or processing time. 

21 Methods. An inexpensive and high-throughput library quantification method has been 

22 developed, based on an adaptation of the melting curve assay. Sequencing libraries 

23 were subjected to the assay using the Bio-Rad Laboratories CFX ConnectTM Real-Time 

24 PCR Detection System. The library quantity was calculated through summation of 

25 reduction of relative fluorescence units between 86 and 95°C.

26 Results. PCR-enriched sequencing libraries were suitable for this quantification without 

27 pre-purification of DNA. Short DNA molecules, which ideally should be eliminated from 

28 the library for subsequent processing, were differentiated from the target DNA in a 

29 mixture on the basis of differences in melting temperature. Quantification results for long 

30 sequences targeted using the melting curve assay were correlated with those from 

31 existing methods (R2>0.77), and that observed from MiSeq sequencing (R2 = 0.82). 

32 Discussion. The results of multiplexed sequencing suggested that the normalisation 

33 performance of the described method is equivalent to that of another recently reported 

34 high-throughput bead-based method, BeNUS. However, costs for the melting curve 

35 assay are considerably lower and processing times shorter than those of other existing 

36 methods, suggesting greater suitability for highly multiplexed sequencing applications.
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37 Introduction
38 Substantial reductions in both the cost and processing time of DNA sequencing have 

39 been achieved in the last decade, due to improvements of massively parallel short-read 

40 sequencing technologies, and this trend is expected to continue for the next several 

41 years or more (http://ark-invest.com/genomic-revolution/declining-costs-of-genome-

42 sequencing). As a consequence, sequencing library preparation procedures, rather than 

43 the DNA sequencing process itself, provide the major bottleneck for large-scale 

44 experimentation (Rohland & Reich, 2012). As a cost-effective approach, single 

45 sequencing libraries are parallel-processed from individual samples, and assigned a 

46 unique oligonucleotide index. The libraries are then pooled for multiplexed processing in 

47 a single run (or lane) of a high-throughput sequencing platform. During this pooling step, 

48 equalisation of DNA quantity from each library is essential for an optimised sequencing 

49 output (Hosomichi et al., 2014). 

50 Although several library normalisation methods have been established, all of 

51 them incur a relatively high cost and/or require long processing times for a large number 

52 of samples (Table 1) (Buehler et al., 2010; Campbell, Harmon & Narum, 2015; Harris et 

53 al., 2010; Hosomichi et al., 2014; Katsuoka et al., 2014; Kong et al. 2014; Rohland & 

54 Reich, 2012). Single libraries are commonly quantified with a well-established real-time 

55 PCR-based method (Buehler et al., 2010; Rohland & Reich, 2012) which, however, 

56 requires a relatively long processing time. The qMiSeq method was recently proposed 

57 as a highly accurate library titration method for multiplexed sequencing libraries 

58 (Katsuoka et al., 2014). In this method, the pooled library is first sequenced on the 

59 MiSeq instrument (Illumina, CA, USA) in order to estimate the quantity of single 

60 libraries, which are then re-pooled for sequencing on the HiSeq platform (Illumina). 
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61 Although this method is highly efficient when applied to an extensive sequencing 

62 experiment for an organism with a large genome, the per-sample cost approaches 

63 US$10 if the sample number is 93 or equivalent. 

64 Melting curve (MC) assays identify the melting temperature (MT) point at which 

65 double-stranded DNA (dsDNA) dissociates into single-stranded DNA (ssDNA), through 

66 detection of reductions in dsDNA-specific fluorescence signals during the heating 

67 process (Ririe, Rasmussen & Wittwer, 1997). This assay can be performed on most 

68 real-time PCR instruments, and up to 96-1536 samples can be simultaneously 

69 processed, depending on the instrument format (Lennon et al. 2010). MT largely 

70 depends on the length of dsDNA, such that shorter dsDNA molecules, in general, 

71 dissociate at lower temperatures than longer ones (Ririe, Rasmussen & Wittwer, 1997). 

72 As a consequence, the MC assay is commonly used for quality control purposes in real-

73 time PCR experiments that show presence/absence of undesirable short amplicons, 

74 such as PCR primer dimers. 

75 An application of the MC assay for quantification of sequencing libraries is 

76 reported in this study. Libraries for multiplexed sequencing are generally enriched 

77 through PCR, and short DNA molecules, such as PCR primers, primer dimers, and 

78 amplicons derived from self-ligated sequencing adapters must be excluded from 

79 quantification. Although SPRI (solid phase reversible immobilisation)-based DNA size-

80 selection is commonly used for this purpose (Harris et al., 2010), this approach requires 

81 a relatively large amount of consumables (micropipette tips and microtiter plates) and a 

82 long processing time. This procedure is not required for MC assay-based quantification, 

83 which permits exclusion of such short DNA molecules from library quantification, based 

84 on differences of MT. In addition, as real-time PCR instruments are commonly present 
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85 in molecular biology laboratories, this normalisation approach can be readily applied in 

86 labs and hence may not require the acquisition of a new instrument.
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88 Materials & Methods
89

90 Preparation of short DNA and KAPA fragments

91 In order to generate short DNA amplicons (<300 bp), which are normally eliminated 

92 from sequencing libraries, an in-house library procedure was performed in the absence 

93 of DNA template. An in-house-designed double-stranded Y-shaped adaptor with a 

94 single thymine base extension (50 pmol) was treated with the Klenow fragment of 

95 Escherichia coli DNA polymerase I (conferring 3'→5' exonuclease activity) (New 

96 England Biolabs; NEB, MA, USA) in the presence of dATP, followed by self-ligation 

97 using T4 DNA ligase (NEB). The ligated products were purified with Lambda 

98 Exonuclease and Exonuclease I (NEB), and then subjected to PCR amplification for 32 

99 cycles with the Phusion DNA polymerase kit (Thermo Fisher scientific, MA, USA) and 

100 in-house library preparation primers containing sequencing indexes. PCR amplification 

101 was also performed using the DNA standard 3, primer mix and qPCR master mix of the 

102 KAPA Library Quantification Kit Illumina Platforms (Kapa Biosystems, MA, USA), to 

103 generate amplicons of 452 bp in length. Sample mixtures (total volume: 20 µl), 

104 containing the short DNA or KAPA fragments, 1x PCR buffer, and SYBR Green I 

105 (Thermo Fisher Scientific), were prepared for the MC assay.

106

107 Preparation of sequencing libraries

108 Sequencing libraries for the MiSeq platform were prepared following a previously 

109 described high-throughput method based on use of the methylation-dependent 

110 restriction endonuclease MspJI (NEB) (10). Genomic DNA of strains of the most 

111 prevalent perennial ryegrass-associated fungal endophyte (Epichloë festucae var. lolii) 
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112 was directly amplified from mycelium using the REPLI-g Mini Kit (QIAGEN, Hilden, 

113 Germany). In the amplification solution of the kit, 16.7µM 5-methylcytosine (TriLink 

114 biotechnologies, CA, USA) was included. The amplicons were digested with MspJI in 

115 order to promote semi-random DNA fragmentation. The DNA fragments were treated 

116 with the Klenow fragment, followed by ligation of the in-house-designed adaptor using 

117 T4 DNA ligase. The DNA was then purified and size-selected using AMPure XP beads 

118 (Beckman Coulter, CA, USA), a portion of which was used for PCR enrichment with the 

119 in-house-designed primers using the Phusion polymerase kit. During this process, a 

120 unique sequencing string was attached to each sample. Using SYBR Green I as a 

121 fluorescence dye, amplification was monitored on the CFX ConnectTM Real-Time PCR 

122 Detection System (Bio-Rad Laboratories, CA, USA).

123

124 MC assay-based dsDNA quantification

125 For the MC assay-based quantification procedure, 10 µl of DNA staining mixture, 

126 containing 0.1 µl 100x SYBR Green I, 2 µl 5x PCR buffer, 1.5 µl 500mM EDTA and 6.4 

127 µl PCR-grade water, was prepared and added to 20 or 25 µl PCR products. The MC 

128 assay was performed on the real-time PCR instrument. Initial sample heating was 

129 performed at 75°C for 30 sec, and then samples were incubated at each degree point 

130 for 5 or 10 sec, followed by regular temperature increments of a single degree. 

131 Fluorescence measurement was performed after incubation at each degree point. The 

132 library concentration was calculated through summation of reduction of relative 

133 fluorescence units (dRFU) between 86 and 95°C.

134 Automated gel electrophoresis-based DNA quantification
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135 Library quantification was performed with the 2200 TapeStation Instrument and the 

136 D1000 kits (Agilent Technologies, CA, USA). In order to reduce technical error, 2 µl of 

137 PCR product was added to 6 µl D1000 Reagent, instead of 1 µl DNA sample and 3 µl 

138 D1000 Reagent as described in the manufacturer's instruction. Quantity of DNA 

139 between 300-700 bp in length was manually determined and expressed as library 

140 quantity. 

141

142 NanoDrop-based DNA quantification

143 PCR products were purified with 0.8 times volume of AMPure XP beads in order to 

144 remove DNA fragments shorter than 300 bp in length, and DNA was eluted in 10mM 

145 Tris-HCl buffer. The concentration of purified DNA was measured on the NanoDrop 

146 1000 instrument (Thermo Fisher Scientific).

147

148 Massively-parallel short-read sequencing

149 Sequencing libraries were pooled based on the basis of quantification result. The 

150 pooled library was purified using 0.8 times volume of AMPure XP beads, and 

151 subsequently characterised with the TapeStation and Qubit instruments (Thermo Fisher 

152 Scientific). The pooled library was loaded and sequenced on the Illumina MiSeq 

153 platform, following the manufacturer's instruction. Output data were analysed using the 

154 PRINSEQ-Lite software (Schmieder & Edwards, 2011; http://prinseq.sourceforge.net/). 

155 The percentage of paired-end read numbers (PRN) among 66 to 75 indexes was 

156 calculated for evaluation of normalisation performance (Hosomichi et al., 2014). The 

157 normalisation degree at 50% (ND50) was calculated as the ratio of single libraries of 

158 which the PRNs were 50% or more of the average PRN.
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159 Results
160 Determination of a temperature range for MC assay

161 The short DNA or KAPA fragments were subjected to the MC assay. The results 

162 indicated a large portion of the short fragments, of which the majority were less than 

163 300 bp in length, dissociated into ssDNA at temperatures less than 86°C, while the 452 

164 bp fragment only began to dissociate at 86°C (Supplementary Figure S1a and S1b). 

165 The short DNA and KAPA fragments were also subjected to the assay in two different 

166 types of PCR buffers, demonstrating that components of the buffers slightly affected the 

167 MT of both DNA fragments (Supplementary Figure S1).

168

169 Comparison of the library quantification methods

170 The sequencing libraries were prepared from 67 Epichloë festucae var. lolii endophyte 

171 samples. Following adaptor ligation, the libraries were enriched through PCR 

172 (Supplementary Figure S2). Monitoring of the amplification process on the real-time 

173 PCR instrument revealed that most samples reached the PCR plateau phase within 14 

174 reaction cycles. Using another portion of the adaptor-ligated products, PCR 

175 amplification was performed for 12 cycles in the absence of fluorescence dye, to 

176 generate sequencing libraries with a range of dsDNA concentration. The concentration 

177 of the 12-cycled products was measured using each of the three methods: MC assay-, 

178 TapeStation-, and NanoDrop-based quantification (Fig. 1). The DNA library 

179 concentrations varied from 0 (undetectable) to 7.51 ng/µl, obtained with the 

180 TapeStation-based method. The results from the three methods were correlated with 

181 one other (R2>0.77). Comparison of the three methods indicated that a total dRFU value 

182 of 100 may be sufficient for relatively reliable quantification when the MC assay-based 
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183 method is used. The sum of dRFU values between 75 and 95°C exhibited a lower 

184 correlation with the other quantification results (Supplementary Figure S3). 

185

186 MC-based library quantification and normalisation

187 The 14-cycled libraries were subjected to the MC assay (Fig. 2), revealing that the total 

188 dRFU values between 86 and 95°C varied less than those of the 12-cycled samples. A 

189 value from a single sample was negative (-6),  indicating failure of library preparation. 

190 The sum of dRFU from the rest of samples was over 135. The 66 successful libraries 

191 were pooled for multiplexed sequencing, according to the quantification result. From the 

192 pooled library, 4.7 million paired-end reads were generated using a part of a sequencing 

193 run on the MiSeq platform. The PRNs of the 66 libraries varied from 0.45 to 3.21, with 

194 an average of 1.52, a standard deviation of 0.47 and coefficient of variation (CV) of 0.31 

195 (Fig. 2). Except for the lowest library, the PRNs were over 0.77, and the ND50 was 

196 consequently 0.98. Based on the obtained sequencing data, PRNs in the absence of a 

197 normalisation procedure were also predicted. This simulation revealed that the PRNs 

198 from 8 libraries (8/66 = 0.12) would be less than half of the average (1.52/2 = 0.76), if an 

199 equal volume of libraries were pooled. The CV of PRNs for the un-normalised pool was 

200 calculated to be 0.38. 

201 For further validation, sequencing libraries were prepared from another set of 75 

202 Epichloë festucae var. lolii strains. Following library enrichment based on PCR, single 

203 libraries were subjected to the MC assay-based quantification procedure 

204 (Supplementary Figure S2). The total dRFU values from libraries varied from 20 to 3537 

205 (Fig. 3a), while that of the no-template PCR control was 15. From each library, the same 

206 volume (5 µl) of the PCR products was pooled and then purified with the AMPure XP 
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207 beads. The pooled library was loaded on the MiSeq platform, and a total of 1.4 million 

208 reads were generated using a proportion of a MiSeq sequencing run. The PRNs of the 

209 sequencing output were correlated with the total dRFU values (R2 = 0.82). A further 

210 correlation analysis indicated that the total dRFU values for the temperature range 

211 between 85 and 95°C were most strongly correlated to the PRNs (R2 = 0.823), followed 

212 by the total dRFU values between 85 and 94°C (R2 = 0.822), and between 86 and 95°C 

213 (R2 = 0.821) (Supplementary Figure S4).

214 A simulation study was also performed using these results. Assuming that the 

215 total dRFU values between 86 and 95°C are in direct proportion to library 

216 concentrations, volumes of the PCR products for pooling were calculated. As the total 

217 dRFU values from two of the libraries were lower than 100 (20 and 26), these were 

218 excluded from the simulation. The simulated PRNs were obtained based on the 

219 calculated pooling volume and MiSeq output, and were between 0.5-2.27 (Fig. 3b). The 

220 average PRN was 1.37, and the ND50 and CV of PRNs were consequently 0.99 and 

221 0.25, respectively. No strong correlations were observed between total dRFU values 

222 and PRNs after normalisation (R2 = 0.25).
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223 Discussion
224 PCR is commonly used as a target enrichment method for massively parallel 

225 sequencing (Hosomichi et al., 2014, Hosomichi et al., 2015). The MspJI-based DNA 

226 fragmentation method permits inexpensive sequencing library preparation from 

227 amplicon-based templates (Shinozuka et al. 2015). A combination of use of these 

228 techniques with the MiSeq platform allows low-cost sequencing analysis for the targeted 

229 loci. For instance, DNA sequences with a cumulative length of 15 kb could be enriched 

230 through PCR with locus-specific primers at a cost of US$3.4/sample, and a single library 

231 could be processed until the library enrichment stage for a cost of US$3.3 

232 (Supplementary Table S1). Libraries from up to 384 samples can be sequenced on the 

233 MiSeq platform with the current Reagent Kit v3 (600 cycle; Illumina), generating an 

234 average of approximately 2,000 times read depth for each nucleotide position within the 

235 15 kb-long regions. As the MiSeq kit costs less than US$1,500, the per-sample cost for 

236 this sequencing option would be under US$4. Compared with these examples, 

237 however, the per-sample costs of the existing high-throughput library normalisation 

238 methods, are relatively high (Table 1, Supplementary Table S2), even though the 

239 primary purpose is solely DNA quantification or normalisation. The MC assay-based 

240 library quantification procedure costs substantially less than the other methods; only 1/3 

241 of the NanoDrop-based method. The processing time of the MC assay-based method is 

242 also considerably shorter than those of the other methods. For instance, 384 samples 

243 may be processed within 3 hours on a standard real-time PCR instrument (4×96-well 

244 microtiter plates), and the duration could be reduced to only 40 mins if a 384-well 

245 formatted instrument was made available. The MC assay-based library quantification 

246 would, therefore, be most suitable for sequencing experiments typified by large sample 
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247 number but relatively small-output, such as HLA typing on the MiSeq platform 

248 (Hosomichi et al., 2015).

249 As the quantification results from MC assay-, TapeStation-, and NanoDrop-

250 based method were correlated with one other, each method can be used for the 

251 purpose of library normalisation. Similar to the previously reported 'over-estimation 

252 issue' (Simbolo et al. 2013), the quantification results obtained with the NanoDrop 

253 system were, however, much larger than those obtained with the other methods, 

254 especially when low-concentration libraries were subjected to analysis. Based on the 

255 NanoDrop-based method, concentrations of 6.51-9.06 ng/ul were calculated from 4 

256 library samples, from which no DNA was detected with the TapeStation-based method. 

257 Similar results were observed when the result of NanoDrop-based quantification was 

258 compared with that of the MC assay. As the quantification result from the blank sample 

259 (10 mM Tris-HCl buffer without DNA) on the NanoDrop system was 0.17±0.25 ng/µl (3 

260 replications), residual molecules from the SPRI-based DNA size-selection may have 

261 affected UV-visible spectrophotometry-based quantification.

262 During the MC assay, the target dsDNA and short DNA can be

263 differentiated on the basis of differences in MT (Ririe, Rasmussen & Wittwer, 1997).  

264 The preliminary experiment with the short DNA and KAPA fragments suggested that the 

265 dRFU values at less than 86°C broadly represent the quantity of dsDNA shorter than 

266 300 bp in length, while those at and over 86°C represent the quantity of target DNA. In 

267 the subsequent experiments, sequencing libraries with the average fragment size of 

268 approximately 500 bp in length were subjected to the MC assay-based quantification, 

269 and the correlation between the total dRFU values for the temperature range 86 and 

270 95°C and other quantification method was demonstrated. As the values between 75 and 
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271 95°C exhibited a lower level of correlation, exclusion of the florescence signals from 

272 short dsDNA is essential for accurate library quantification (Supplementary Figures S3 

273 and S4). The average fragment size of the sequencing library is determined in practice 

274 by multiple factors, such as types of the sequencing platforms, sequencing reagents, 

275 library preparation methods and experiment purposes. Optimisation of the temperature 

276 range of the MC assay, therefore, may be required, depending on the average fragment 

277 size of the sequencing library.

278 The length of DNA fragments is not the only factor determining the MT point, as 

279 the GC-content ratio and sequence complexity are also relevant (Ririe, Rasmussen & 

280 Wittwer, 1997). Differences between sequencing libraries for these parameters may 

281 hence influence accuracy of the MC assay-based quantification, and the method may 

282 not be suitable for a comparison of DNA quantities, if the DNA sequence contents are 

283 considerably different between the libraries. In general, libraries for multiplexed 

284 sequencing are, however, prepared in parallel from the identical targeted sequence(s) 

285 (Campbell, Harmon & Narum, 2015; Hosomichi et al., 2014, Shinozuka et al. 2015), and 

286 the DNA sequence contents of libraries should not be substantially different. For the 

287 scenario of different DNA sequence contents, NanoDrop- or TapeStation-based 

288 methods would be more suitable.

289 The CV of PRNs and ND50 from the first normalisation experiment were 0.31 

290 and 0.98, respectively, and those from the second simulation experiment were 0.25 and 

291 0.99, respectively. The result of the MC assay-based method may hence be almost 

292 equivalent to that of the BeNUS (Bead-based Normalisation for Uniform Sequencing 

293 depth) method (CV of PRNs = 0.31, ND50 = 0.93) (Hosomichi et al., 2014), although the 

294 normalisation result obtained with the qMiSeq method (CV of PRNs = 0.05) was 
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295 superior to the current result (Katsuoka et al., 2014).

296 The BeNUS method permits high-throughput automated library normalisation, 

297 through reduction of the amount of SPRI beads necessary to capture a limited amount 

298 of DNA (Hosomichi et al., 2014). This method may consequently be ineffective when 

299 library concentrations are too low. The results of the current study suggest that the MC 

300 assay-based method performs better for recovery of libraries with low concentration. 

301 Due to the high-throughput nature of both the BeNUS and MC assays, a combination of 

302 the two may provide a high-quality automated normalisation procedure suitable for an 

303 even larger sample volume, numbering in the several thousands.
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363 Table legend
364

365 Table 1 

366 Cost and processing duration assumptions for 92 to 96 samples using the library 

367 normalisation or quantification methods. SPRI denotes the SPRI bead-based DNA size-

368 selection and purification before the quantification procedure. Size-specificity indicates 

369 that the method is able to exclude both unnecessary long (e.g. >1 kb) and short (e.g. 

370 <300 bp) DNA (++), or merely short DNA (+) from quantification. Library-specificity 

371 indicates that the method detects only dsDNA with the sequencing adaptors on both 

372 ends (+), or also dsDNA without the sequencing adaptor(s), from which clonal sequence 

373 clusters cannot be generated (-). Expenditure on instruments is not included in the per-

374 sample cost. More details can be found in Supplementary Table S2.
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375 Figure Legends
376

377 Fig. 1   

378 Correlation analysis between the three library quantification methods: (a) MC assay- 

379 and TapeStation-based methods; (b) MC assay- and NanoDrop-based methods; and (c) 

380 TapeStation- and NanoDrop-based methods.

381

382 Fig. 2   

383 Results of the MC assay (a) and high-throughput sequencing (b) from the 66 successful 

384 libraries. The horizontal axis shows the sample unique identifier. In the result from high-

385 throughput sequencing, the blue circle indicates PRN from the MiSeq-derived output, 

386 and the red square shows the simulated PRN for un-normalised multiplexed 

387 sequencing.  

388

389 Fig. 3

390 Correlation between the MC assay-based quantification and PRN of MiSeq sequencing 

391 from the 75 samples (a), and between the MC assay-based method and predicted PRN 

392 from the library normalisation simulation from the 73 successful samples (b).
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393 Supplementary Data Legends
394

395 Supplementary Figure S1    

396 Results of the TapeStation and MC assay. (a) The TapeStation results for the short 

397 DNA fragments, KAPA fragment and a single sequencing library, showing size 

398 distribution of dsDNA. The High Sensitivity D1000 kit (Agilent) was used for the short 

399 DNA and KAPA fragments. The y = 0 and x = 0 axes show the fluorescence intensity 

400 and DNA fragment size, respectively. ‘Lower’ and ‘Upper’ indicate signal peaks of upper 

401 and lower DNA size markers, respectively. (b) The melting peak plots from the three 

402 samples obtained for temperatures between 75 and 95°C. (c) Effect of PCR buffer on 

403 MT of the short DNA and KAPA fragments. The MC assay was performed using three 

404 PCR buffers; the Phusion DNA polymerase HF and GC buffers and MyFiTM DNA 

405 polymerase buffer (Bioline, London, UK).

406

407 Supplementary Figure S2     

408 Schematic explanation for the library quantification experiments and library pooling 

409 procedure. 

410

411 Supplementary Figure S3     

412 Correlation analysis between the sum of dRFU values between 75 and 95°C and 

413 quantification results from the TapeStation (a) and NanoDrop-based (b) methods.

414

415 Supplementary Figure S4     

416 Coefficient of determination (R2) between the PRN from MiSeq sequencing and sum of 
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417 dRFU values, depending on temperature ranges of the MC assay. The vertical and 

418 horizontal axes denote lower and upper range of the temperatures (°C) of the MC 

419 assay, respectively. The highest coefficient of determination (R2 = 0.823), which is from 

420 the PRN and dRFU values between 85 and 96°C, is marked with an asterisk.

421

422 Supplementary Table S1 

423 Details for cost-reduced PCR amplicon sequencing library preparation with 

424 fragmentation produced by the MspJI restriction endonuclease. A cumulative length of 

425 15 kb of DNA sequence can be enriched through 5 PCRs (3 kb x 5 reactions) using the 

426 MyFiTM DNA polymerase. 

427

428 Supplementary Table S2 

429 Details of the cost and processing duration assumption for the library normalisation or 

430 quantification methods. Price information for the major reagents was obtained from the 

431 websites of suppliers. Micropipette tips and 96-well microtiter plates are included in the 

432 consumables, and the per-sample cost for each of those was estimated as US$0.04. 

433 SPRI denotes the SPRI bead-based DNA size-selection and/or purification.
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434 Table 1
435

Method Method type
Size 

specificity
Library 

specificity
Per-sample cost 

(US$)
Processing time for 92-96 

samples Reference
SequalPrep Normalisation ++* - 0.91 1h30min 3, 7

BeNUS Normalisation ++ - 1.04 1h30min 2
qMiSeq Quantification ++ + ~10 c. 1 day 5

TapeStation Quantification ++ - 2.75 2h15min 6
SPRI + real-time 

PCR Quantification + + 1.41 4h50min 1, 4
SPRI + NanoDrop Quantification + - 0.48 1h50min 3

MC assay Quantification + - 0.15 40min  
436 * DNA fragments between 100 bp and 20 kb are purified with the SequalPrep kit (Thermo Fisher Scientific)
437
438
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439 Figure 1
440
441 (a)
442

443
444 (b)
445

446
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448

449
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450 Figure 2
451 (a)
452

453
454
455 (b)
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459 Figure 3
460 (a)

461
462 (b)
463

464
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