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Introduction
The advent of next-generation sequencing (NGS) technologies 
has led to an explosion of accessible and affordable genetic 
information. The potential benefits of NGS are tempered 
by the time and cost associated with preparing, running, 
and analyzing a sequencing library (Buehler et al. 2010, 
White et al. 2009). The total number of possible reads for 
the Illumina MiSeq and HiSeq platforms is directly related 
to the concentration of the prepared library loaded on the 
flow cell. Loading an insufficient amount of library onto the 
flow cell results in underutilization of sequencer capacity 
while overloading the library can lead to poor data quality or 
complete failure of the sequencing run. Accurate quantification 
and quality measures of the library prior to sequencing are 
important for optimal loading of the flow cell surface. 

Accurate quantification is also required when combining 
different libraries into a single run. This combining,  
or “pooling,” approach is highly desirable because it increases 
sample throughput on NGS platforms. However, inadequate 
quantification will often cause poor balancing of these 
combined libraries, resulting in overrepresentation  
of some libraries and underrepresentation of others. 

Here we demonstrate that Droplet Digital PCR (ddPCR™) with 
Bio-Rad’s QX100 ddPCR system can be easily incorporated 
into the library preparation workflow to accurately quantify 
and balance sequencing libraries on Illumina sequencers. 
ddPCR enables these highly precise measurements without 
the use of standards. In addition to accurate quantification, 
the data plots generated by the QX100 system are information 
rich and contain quality measures of the library construction 
that are not available when using other methods. Digital PCR 
enables consistent library loading and efficient utilization of the 
sequencing capacity of Illumina NGS platforms.  

Materials and Methods
Illumina TruSeq Library Construction

The TruSeq DNA sample preparation kit v2 (Illumina, Inc.) 
contains Y-adapters that are ligated to the fragments to be 
sequenced. The library is constructed such that both the P5 
and the P7 sequences of the adapters are added onto all 
fragments (Figure 1A). After enrichment by PCR amplification 
and subsequent purification steps, library concentrations 

A 

B 

Fig. 1. TruSeq V2 library protocol and corresponding design of the ddPCR 
library quantification kit for Illumina TruSeq assay. A, TruSeq Y-adapters, 
made up of both P5 and P7 sequences and an index, are ligated to an adenylated 
DNA insert fragment. Libraries are enriched by PCR amplification, resulting in 
amplicons containing the P5 and P7 sequences, which are directionally oriented 
on either strand of the fragment. B, Bio-Rad’s ddPCR library quantification kit 
contains assays designed to span both the P5 and P7 sequences, allowing 
quantification of species possessing the adapter arms. C, an example of  
a ddPCR trace observed for an Illumina library quantified with the ddPCR  
library quantification kit assay. FP, forward primer; RP, reverse primer.
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are determined by ddPCR and sequencing of the library is 
initiated. For this study, 12 uniquely indexed TruSeq DNA 
libraries and 12 RNA-Seq libraries were created from 1 µg  
of sonicated (200 bp average; Covaris, Inc.) human genomic 
DNA (female; Promega Corporation) and 10–4,000 ng total  
RNA from human brain (Life Technologies Corporation), 
respectively. The libraries were constructed according to  
the manufacturer’s protocol. 

TruSeq Library Quantification by ddPCR

The ddPCR library quantification kit for Illumina TruSeq  
(Bio-Rad Laboratories, Inc.) contains hydrolysis probes 
designed to detect and quantify both the P5 and the P7  
adapter sequences (Figure 1B). The combined signals from  
each assay are used to confirm the formation of properly 
adapted library fragments. These signals can be seen  
as double-positive clusters on the 2-D fluorescence amplitude 
plot in QuantaSoft™ software (Bio-Rad) (Figure 1C). 

ddPCR quantification of the samples was accomplished by 
preparing serial dilutions of purified libraries in TE buffer  
(10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0). For quantification with  
the ddPCR library quantification kit, duplicate 20 µl digital  
PCR mixtures were prepared using 2x ddPCR supermix for 
probes (no dUTP) (Bio-Rad), 20x stock in the ddPCR library 
quantification kit assay, and 5 µl of the 10–6-, 10–7-, and 10–8-
fold library dilutions. Each digital PCR mixture was converted 
into droplets, amplified by PCR, and analyzed with the QX100 
ddPCR system (Bio-Rad). Thermal cycling conditions for the 
C1000 Touch™ thermal cycler (Bio-Rad) were 10 min at 95°C 
(hot-start), followed by 40 cycles of 30 sec at 94°C then 1 min 
at 60°C with ramp rates of 2.0°C/sec, 10 min at 98°C, and  
4 or 12°C infinity hold. Following thermal cycling, droplets  
were analyzed with the QX100 droplet reader (Bio-Rad).  
The copies per microliter reported in QuantaSoft software  
were converted to nanomolar concentrations.

MiSeq Analysis of Libraries

Based on the ddPCR concentration results, individual TruSeq 
libraries were diluted to 2 nM in TE buffer and stored at –80°C. 
Prior to sequencing, aliquots were denatured with 0.1 N NaOH 
and neutralized with Illumina’s HT1 buffer to 20 pM according 
to the manufacturer’s recommended protocol (Illumina guide 
2011). Neutralized libraries were mixed at various ratios, based 
on ddPCR results, with HT1 buffer (VTotal = 1 ml) and 600 µl 
was loaded onto the MiSeq cartridge (Illumina) for sequencing. 

Molarity Calculation from Copies per Droplet

Example of a molarity calculation from copies per droplet:

To backcalculate the stock concentration of the library  
from ddPCR concentrations within the range of 100–5,000  
copies/µl, account for the dilution factors, including the  
fivefold dilution of the ddPCR reaction (4 µl of the dilution  
into 16 µl of supermix).

  

Example: A library at the 10–6 dilution yielded 2,000  
copies/µl in ddPCR. Multiply 2,000 by 106 and by 5 to  
account for the reaction dilution (2,000 x 106 x 5 = 1010  
copies/µl of original stock library).

■■ To obtain nM: (1010 copies/µl) x (106 µl/L)/6.023 x 1023 	
	 copies/mole = 1.66 x 10–8 M or 16.6 nM 

 

Results and Discussion
Maximizing the flow cell cluster generation on the MiSeq and 
HiSeq NGS platforms requires accurate and precise library 
quantification. This maximization increases the number of 
usable reads and efficiently utilizes the high-throughput 
capabilities offered by next-generation sequencers. 

Current NGS Library Quantification Methods

Both microfluidics-based electrophoresis (for example, Agilent 
2100 bioanalyzer, Agilent Technologies, Inc.) and quantitative 
PCR (qPCR) using SYBR® Green chemistry are commonly 
employed to quantify libraries prior to sequencing. Neither 
method alone provides sufficient resolution to accurately 
determine library concentration.

Electrophoretic methods provide a measure of the 
fluorescence generated by intercalation of dye  
throughout the range of species present in the prepared  
library. This integrated fluorescence is calibrated to 
the fluorescence of size-based standards to derive a 
concentration value. However, the presence of poorly  
formed, single-stranded, and/or unamplifiable species  
can compromise this estimate because these species  
can comigrate with properly formed library fragments. 

qPCR-based methods partially avoid these issues by detecting 
only amplifiable library species. To assess concentration  
with qPCR, external calibrants, which are typically synthetic 
and of fixed length or derived from previously characterized 
libraries, are required to create a standard curve. To correct  
for quantification cycle (Cq) differences that arise from 
the length-dependent fluorescence signal generated by 
intercalating dyes, a correction factor based on the average 
size of library fragments is employed. However, this correction 
factor does not fully capture the size distribution of library 
fragments, nor does it scale linearly with large size differences 
between library fragments and the standards. The presence  
of primer-dimers or background contaminants that  
affect amplification efficiencies can further skew 
concentration estimates. 

By contrast, the QX100 ddPCR system provides the means to 
directly measure amplifiable library concentrations in terms of 
copies per microliter, which can be easily converted to molar 
concentrations. ddPCR achieves direct measurements by 
effectively counting amplified molecules in droplets. These 
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Fig. 2. Impact of input library concentration on total usable reads.  
Cluster density at 8 pM was approximately 800,000/mm2.
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Fig. 3. Balancing TruSeq libraries using the ddPCR library quantification 
kit assay. A, twelve TruSeq libraries were quantified by ddPCR and balanced 
to be equimolar for the sequencing run. Excellent balancing within less than 
15% difference was achieved between all 12 libraries pooled in the same 
sequencing run (total number of reads passing filter for each library). B, twelve 
RNA-Seq libraries from varying input total RNA amounts (10–4,000 ng)  
were sequenced and balanced. Good balancing was obtained between  
the 12 indexed libraries and is plotted as percentage reads passing filter  
for the sequencing run vs. sample indices. PF, passing filter.

Index number

There is an inverse relationship between amplicon  
size/complexity and fluorescence amplitude. This  
relationship is what makes the droplet position within  
the data plots significant.

The position of the droplets within the 2-D plot enables the user 
to assess the overall quality of constructed libraries. As seen in 
Figure 4A, there is a secondary cluster of highest fluorescence 
amplitudes for both the FAM and HEX channels; this corresponds 
to the adapter-adapter ligated  species. With this information, 
the user can quantify the adapter-adapter population using 
QuantaSoft software. Figure 4B further exemplifies different 
populations of adapted library molecules that could arise from 
aberrant  processes during library construction and give poor 
or no sequencing information (shown in red). By quantifying 
potentially poorly formed library inserts, the user can exclude 
these abnormal populations from calculations to improve loading 
efficiency on the flow cell. If the library is of very poor quality, 
the user may choose to re-make the adapted library prior to 
sequencing, thus saving time and money by not sequencing 
poorly constructed libraries. The library quality information 
obtained from these 2-D plots will undoubtedly fuel further 
investigations into improvements of NGS sequencing, possibly 
by determining library fragment PCR efficiencies. Improvements 

We examined the precision of ddPCR in balancing 12 TruSeq 
DNA libraries from human genomic DNA using concentration 
measurements obtained from the QX100 system with the 
ddPCR library quantification kit assay (Figure 3A). Based 
on the ddPCR concentration measurements, libraries with 
an average fragment length of 447 bp could be balanced to 
within less than 15% of each other with a confidence interval 
of 95%. Similar balancing results were observed when RNA-
Seq libraries with an average fragment length of 280 bp were 
utilized (Figure 3B).

ddPCR is information rich and can provide quality metrics 
for the libraries generated by the user. In Figure 4, two-
dimensional fluorescence amplitude plots are shown for the 
FAM and HEX probes in the ddPCR library quantification kit 
assay. The cluster of droplets, which is at a 45° angle from the 
negative droplet population, arises due to the different PCR 
efficiencies of different-sized amplicons in the adapted library.

100

direct measurements remove the requirement for calibration 
against a standard curve and the need for further correction 
based on average library fragment length.

NGS Library Quantification by ddPCR 

When performing NGS on the MiSeq platform, it is important to 
aim for a cluster density of approximately 800,000/mm2  
for optimal performance. ddPCR measurements were 
used to establish the functional relationship between input 
library concentration and the number of usable reads on 
the MiSeq platform. To calibrate performance, we used five 
libraries generated at different concentrations. After ddPCR 
quantification with the ddPCR library quantification kit, the five 
libraries were individually loaded at various concentrations 
between 0.5 pM and 15 pM onto the MiSeq sequencer.  
The resulting sequencing read metrics were compared  
with the concentration of library loaded (Figure 2). In these 
experiments, 8 pM concentration for loading the flow cell 
achieved approximately 800,000/mm2 cluster density.
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Fig. 4. Two-dimensional plots of FAM and HEX fluorescence amplitudes of the ddPCR library quantification kit assay. A, demonstration of how the ddPCR 
assay is rich in additional information. Smaller insert species have more efficient ddPCR reactions in the droplets, giving an inverse correlation between insert size 
and fluorescence amplitude in the ddPCR assay. B, illustration of how this amplitude information obtained from ddPCR can be detected and give a sense of overall 
quality of the library to be sequenced by observing different species in the fluorescence amplitude plots. QuantaSoft software can compute and exclude these 
populations from quantification for the purpose of accurately loading the flow cell. 

in NGS workflows will likely result from the extremely accurate 
quantification possible with ddPCR. For example, it may be 
possible to eliminate secondary amplification steps if sufficient 
library material is generated for sequencing directly after library 
construction, thus avoiding unnecessary steps and any further 
skewing of fragment representation.

Conclusions
Cluster densities, and therefore the number of reads, are directly 
tied to loading concentration of the prepared library. Moderate 
differences in loading can affect quality and read capacity 
of the MiSeq platform. The QX100 system complements 
NGS platforms by providing a means to measure absolute 
concentration of relevant molecular species. ddPCR, using the 
ddPCR library quantification kit for Illumina TruSeq, enables 
precise measurements to correlate loaded library concentration 
with cluster generation. ddPCR provides excellent balancing 
of pooled library samples, and it permits proper analysis to 
optimize the performance of NGS systems. Additional benefits 
of ddPCR include rich fluorescence amplitude data, which can 
correlate with library construction quality.   
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