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Hi-Plex is an amplicon-based approach 
for targeted massive ly para l le l 
sequencing that can be used with 
different sequencing platforms (1,2). The 
system is suitable for high-throughput 
processing of specimens with a high level 
of accuracy (3) and can take advantage 
of read-pair overlap considerate variant-
calling software, ROVER (4). The ability 
to use complete read-pair comparisons 
allows filtering of sequencing chemistry 

errors with a 1000-fold higher strin-
gency than alternative approaches. 
Additionally, Hi-Plex shows significantly 
lower library preparation error rates 
than alternative amplicon-based target 
enrichment systems (Hsu et al., unpub-
lished data). These characteristics are of 
particular value for applications such as 
low-level genetic variant detection among 
subpopulations of samples (e.g., tumor 
subclones).

Our earlier work used a 60-amplicon 
format to demonstrate proof-of-concept, 
aid development of accompanying 
software, and test the application of 
Hi-Plex in a range of settings. However, 
when we attempted to increase amplicon 
number, we were unable to resolve clear 
library bands following agarose gel 
electrophoresis unless indexing primers 
were added at relatively late stages 
of thermocycling. This is suboptimal 
because it largely removes the leveling 
of amplicon amplification efficiencies 
that is an important part of the Hi-Plex 
mechanism.

We hypothesized that early priming 
using bridge primers followed by late 
priming with indexing primers (Figure 
1) could result in less susceptibility 
to off-target effects. If this could be 
achieved, the result would be a more 
specific Hi-Plex system capable of 
enriching a greater range of amplicons. 
The 5´ tails of the Hi-Plex gene-specific 
primers had previously served as the 
annealing sites for indexing primers 
added after the sixth amplif ication 
cycle (1). Here, we design a series of 
forward and reverse bridge primers that 
represent incrementally 3´-abridged tail 
sequences to be included with tailed 
gene-specific primers from the outset of 
PCR. Our rationale for this change was 
that a suitable combination of shorter 
primers would provide fewer oppor-
tunities for off-target priming events. 
Various combinations of these primers 
were tested by including them with 745 
tailed gene-specific primer pairs in the 
initial PCR mix prior to thermocycling. 
A variety of bridge primer combinations 
were found to be appropriate for Hi-Plex, 
as judged by banding patterns following 
agarose gel electrophoresis (data not 
shown). For subsequent Hi-Plex exper-
iments, the F8 and R5 bridge primers 
(F8_bridge and R5_bridge) were 
included and a thermal step-up was 
applied following addition of indexing 
primers as part of the protocol detailed in 
the following paragraph. When indexing 
primers abridged to F8_bridge and R5_
bridge 3´ termini were added directly to 
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Previously, we reported Hi-Plex, an amplicon-based method for tar-
geted massively parallel sequencing capable of generating 60 ampli-
cons simultaneously. In further experiments, however, we found our 
approach did not scale to higher amplicon numbers. Here, we report 
a modification to the original Hi-Plex protocol that includes the use of 
abridged adapter oligonucleotides as universal primers (bridge prim-
ers) in the initial PCR mixture. Full-length adapter primers (indexing 
primers) are included only during latter stages of thermal cycling with 
concomitant application of elevated annealing temperatures. Using this 
approach, we demonstrate the application of Hi-Plex across a broad 
range of amplicon numbers (16-plex, 62-plex, 250-plex, and 1003-
plex) while preserving the low amount (25 ng) of input DNA required.

Benchmarks

METHOD SUMMARY
This approach is an advance over the previously published Hi-Plex method, allowing a greater range of amplicon numbers 
to be targeted (16–1003 are demonstrated). The method uses abridged adapter primers to reduce the off-target effects 
observed when including full-length adapter primers early in the PCR.
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the Hi-Plex reaction mix in the absence 
of bridge primers, a distinct library band 
could not be resolved when targeting the 
same 745 amplicons.

To the online Hiplex-primer tool 
(ht tps://g i thub.com/bjpop/h ip lex-
primer), we input the exon coordinates 
for 26 genes of relevance to breast 
cancer (PRKCA, ESR1, CDKN2A, PAX6, 
MLH1, BMP4, BRCA1, BRCA2, ATM, 
CHEK2, TP53, BRIP1, PTEN, BARD1, 
RAD51, RAD50, RAD51C, PPM1D, 
FANCC, NEIL1, CDH1, BLM, RAD51D, 
PALB2, XRCC2, RINT1). For 20 genes 
(839 amplicons), we used the settings 
previously described (1). For 6 genes 
(164 amplicons), the input arguments 
were modified to yield insert sequence 
lengths between tailed gene-specific 
primer regions ranging from 98 to 109 
bases. The gene-specific portions of 
tailed gene-specific primers ranged in 
length from 20 to 26 bases. At least 15 
additional bases on either side of each 
input pair of coordinates were included 
in the targeting. All primers were synthe-
sized by Integrated DNA Technologies 
(Coralville, IA) and purified to standard 
desalting grade. Tailed gene-specific 
primer sequences are available upon 
request. Indexing primers (full-length 
adapter primers) were described in 
a previous publication (3).F8_bridge 
and R5_bridge bridge primers have 
5´- to 3´-oriented DNA sequences of 
CTCTCTATGGGCAGTC and CTGCGT-
GTCTCCGAC, respectively.

Template material consisted of 
genomic DNA derived from an Epstein-
Barr virus—transformed lymphoblastoid 
cell line (LCL) generated as part of the 
Australian Breast Cancer Family Study 
(ABCFS) (5). DNA was extracted using 
the QIAamp DNA Blood Kit (Qiagen, 
Dusseldorf, Germany) and quantitated 
using the Qubit dsDNA Assay system 
(Life Technologies, Grand Island, NY).

The initial Hi-Plex PCR mixture 
comprised 25 mL of 1× Phusion HF 
PCR buffer (ThermoScientific, Waltham, 
MA), 400 mM dNTPs (Bioline, London, 
UK), tailed gene-specific primers at 
aggregate concentrations as indicated 
in Table 1, 1 mM F8_bridge primer, 1 mM 
R5_bridge primer, and 2.5 mM MgCl2 
with the inclusion of 1 U Phusion Hot 
Start II High-Fidelity DNA Polymerase, 
and 25 ng input genomic DNA. The 
following steps were conducted for 

Figure 1. Schematic illustration of modified mechanisms applied to Hi-Plex PCR. In a single 
reaction, 5´ tailed gene-specific primers representing all targeted amplicons (n amplicons) at 
low individual concentrations seed the reaction, and relatively high concentrations of abridged 
adapter primers (bridge primers) drive PCR. Full-length adapter primers (indexing primers) are 
included in the PCR only during terminal cycles. These latter cycles apply elevated anneal-
ing temperatures to confer a competitive advantage to the indexing primers compared with the 
bridge primers. Striped primer regions indicate index sequences.
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the PCR: 98°C for 1 min, x cycles (x is 
indicated in Table 1 for different numbers 
of amplicons) of 98°C for 30 s, 55°C for 
1 min, 60°C for 1 min, 65°C for 1 min, 
70°C for 1 min, followed by addition of 
indexing primers to 1 mM, then 4 cycles 
of 98°C for 30 s, 68°C for 1 min, 70°C 
for 1 min, followed by incubation at 68°C 
for 20 min. As described previously 
(1), the series of different annealing/
extension temperatures applied during 
the x cycles is intended to reduce ampli-
fication bias across diverse targets 
varying in G/C-content and secondary 
structure. In a 1003-plex experiment, 
tailed gene-specific primer concentra-
tions were adjusted according to the 
algorithm presented in (2), except a 
coarser threshold for overachievement 
of tailed gene-specific primer pairs was 
set at 5-fold deeper coverage than the 
median, instead of 1.5-fold.

Gel excision and purification of the 
~275 bp library bands were performed 
as described previously (2,3). MPS 
was performed on a MiSeq instrument 
(Illumina, San Diego, CA) using version 
2 chemistry in accordance with the 
manufacturer’s instructions except 
that 3.4 mL 100 mM TSIT_Read1, TSIT_
Read2, and TSIT_i7_read primers were 
spiked in to the appropriate primer 
reservoirs in the reagent cartridge prior 
to sequencing, as described by Nguyen-
Dumont et al. (2).

Mapping of sequence reads to 
the human genome (hg19 assembly 
downloaded from the UCSC database) 
was done using bowtie-2–2.1.0 (6) with 
default parameters except for –trim5 20 
and –trim3 20. ROVER variant caller (4) 
was applied using a variant proportion 
threshold of 0.15 and minimum required 
variant depth of 2 read-pairs.

Using this approach, we performed 
Hi-Plex using 1003 tailed gene-specific 
primer pairs targeting the coding and 
flanking intronic regions of a panel of 26 
breast cancer relevant genes (Figure 2). 
We observed that 94.12% of amplicons 
were represented at a coverage depth 
within 25-fold of the target-set median, 
and 89.93% of amplicons were repre-
sented within 10-fold of the median. As 
observed previously in the 60-amplicon 
Hi-Plex system (2), the uniformity of target 
coverage can be improved by reducing 
the concentrations of over-achieving 
primer pairs. The same algorithm 

for guiding the adjustment of primer 
concentrations was used except that 
we applied a much coarser threshold 
for overachievement: 5-fold higher than 
the median (coarse) rather than 1.5-fold 
(fine) applied previously. For this exper-
iment, we observed that 96.21% and 
91.23% of mapped amplicons were 
covered to a depth within 25-fold or 
10-fold of the all-amplicons medians, 
respectively. It would be expected 
that finer adjustment and/or redesign 
and replacement of underperforming 
primer pairs would improve the target 
coverage uniformity further. Given 
the naïve nature of our primer design 
algorithm (1), we expect future iterations 
of Hiplex-primer or other independent 
primer design tools will confer incre-
mental improvements to the Hi-Plex 
system by implementing more sophis-
ticated primer design considerations 
such as nearest-neighbor context (7), 
secondary structures, primer-dimers, 

sequence complexity, G/C-content, and 
predicted off-target priming.

To show that the new Hi-Plex 
protocol works with different numbers 
of primer pairs, we selected a range 
of amplicon numbers to test: 16, 62, 
and 250 amplicons, respectively. We 
created tailed gene-specific primer 
subset pools from the 1003-amplicon 
experiment, without adjusting individual 
primers relative to the pools. The subset 
primers were selected randomly, without 
regard to their performance in the 
1003-amplicons setting or presence in 
other primer pools. For each number 
of amplicons, the system worked 
across a range of tailed gene-specific 
primer pool concentrations and total 
numbers of PCR cycles. The number 
of amplicons appeared to positively 
correlate with the tailed gene-specific 
primer pool concentration (aggregate) 
and negatively correlate with the total 
cycle number. Table 1 serves as a guide 
for initial conditions to try in a given 

Table 1. Tailed gene-specific primer (GSP) concentrations (aggregate) and number of PCR cycles for  different 
numbers of amplicons.

Number of 
amplicons

Aggregate concentration 
of GSP pool (mM)

Individual GSP  
concentration (mM)

Cycles prior to addition 
of indexing primers

Total 
cycles

  16 0.25 0.0078 22 26

  62 1 0.0081 20 24

 250 1.5 0.0030 18 22

1003 2.5 0.0012 18 22

Figure 2. Hi-Plex library profiles for different numbers of PCR amplicons. Five microliters of 
Hi-Plex products were electrophoresed on 1.5% agarose (w/v) TBE (Tris-borate-EDTA) gels. “M” 
indicates molecular weight marker. Arrows show the ~275 bp library bands. “+” and “-” denote 
25 ng of genomic DNA or a “no DNA control,” respectively.
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Hi-Plex experiment, with the disclaimer 
that we used 25 ng of human genomic 
DNA as input for our experiments. Figure 
2 shows agarose gel electrophoresis 
profiles across the different numbers 
of amplicons. Of the amplicons, 100%, 
96.8%, and 95.0% (means derived 
from two specimens) were covered to 
a depth within 25-fold of the median 
of each set of amplicons for 16, 62, 
and 250 amplicons, respectively. The 
percentages of on-target mapped reads 
for 16, 62, 250, and 1003 amplicons 
were 99.9%, 99.3%, 23.7%, and 67.4%, 
respectively. The on-target rate is influ-
enced by the presence of sequence 
homologs, including pseudogenes, and 
the specificity of primers in recognizing 
these homologous regions. Overall, our 
results indicate that the modified Hi-Plex 
protocol enables excellent assay perfor-
mance across a wide range of amplicon 
numbers. It is likely that Hi-Plex will be 
applicable to a greater range of amplicon 
numbers, with higher on-target rates, in 
the future, particularly with more sophis-
ticated primer design algorithms.
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