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High-throughput sequencing is revolutionizing research in plant 
evolutionary biology. The development of second-generation se-
quencing, also known as next-generation sequencing (NGS), led to 
the cost-effective generation of a massive amount of sequence data 
(Straub et  al., 2012). Although NGS offers many advantages, one 
shortcoming is that this sequencing method generates short reads 
(between 100–400 bp). This is problematic for de novo assemblies 
of plant genomes that prove difficult to resolve due to repetitive se-
quences resulting from transposable elements, polyploidy, and large 
genome sizes.

In contrast to NGS, third-generation sequencing (TGS) di-
rectly targets single DNA molecules without prior PCR, enabling 
“real-time sequencing” (Bleidorn, 2016). The main improve-
ment of TGS is the significant increase in read length from sev-
eral to tens of thousands of bases per single read (termed “long 
reads”). This provides important advantages to improve de novo 
assemblies (Jiao and Schneeberger, 2017), gap filling (Eckert 
et  al., 2016), or phasing (Laver et  al., 2016). Technologies such 
as MinION, a portable real-time sequencing device developed by 
Oxford Nanopore Technologies (ONT; Oxford, United Kingdom), 
are able to generate mean read lengths ranging from 5 to 20 kbp 

in standard analyses (and peak up to 2 Mbp) depending on the 
quality of the DNA (Lee et al., 2016). One drawback is that most 
TGS technologies have high error rates when compared to NGS 
(~10% for ONT MinION vs. 0.1% for Illumina; Goodwin et al., 
2016). However, new base-calling algorithms, associated with a 
posteriori corrections, allow for a significant decrease of sequence 
errors. With sufficient coverage and proper algorithms, TGS can 
lead to assemblies with consensus nucleotide accuracy of 99.90% 
(Lee et al., 2016).

The application of TGS using MinION to large genomes such 
as plants is problematic mainly because of the generally low output 
of data currently available from MinION (10–20 Gbp vs. 1500 Gbp 
for a HiSeq 4000 [Illumina, San Diego, California, USA]). Thus, ef-
ficiently sequencing specific regions will depend on genome reduc-
tion approaches, such as targeted sequencing (Cronn et al., 2012; 
Jones and Good, 2016). Genome reduction via sequence capture 
refers to DNA fragments (nuclear, ribosomal, or plastid) that are 
directly captured from a total genomic library using probes bind-
ing to the complementary DNA sequences. This approach has the 
advantage of being cost effective, optimizing read depth on the tar-
geted region, and allowing the analysis of more samples per run. 
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PREMISE: Third-generation sequencing methods generate significantly longer reads than 
those produced using alternative sequencing methods. This provides increased possibilities 
for the study of biodiversity, phylogeography, and population genetics. We developed a 
protocol for in-solution enrichment hybridization capture of long DNA fragments applicable 
to complete plastid genomes.

METHODS AND RESULTS: The protocol uses cost-effective in-house probes developed via 
long-range PCR and was used in six non-model monocot species (Poaceae: African rice, pearl 
millet, fonio; and three palm species). DNA was extracted from fresh and silica gel–dried 
leaves. Our protocol successfully captured long-read plastome fragments (3151 bp median 
on average), with an enrichment rate ranging from 15% to 98%. DNA extracted from silica 
gel–dried leaves led to low-quality plastome assemblies when compared to DNA extracted 
from fresh tissue.

CONCLUSIONS: Our protocol could also be generalized to capture long sequences from spe-
cific nuclear fragments.
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However, our ability to capture and sequence long DNA fragments 
has yet to be properly applied in plants. Indeed, sequence capture 
is only routinely undertaken on short DNA fragments (Mamanova 
et al., 2010; Cronn et al., 2012), limiting its usefulness for long read–
based TGS.

In this study, we focused on complete plastid genome or plas-
tome sequencing for two main reasons. First, in practical terms, 
plastome DNA provides an ideal model to test capture protocols 
because it is generally easy to sequence and good a priori data on 
structure and composition are available (reference plastomes are 
available for numerous species). Thus, plastome DNA is a good 
starting point to validate capture protocols that can then be ex-
tended to the nuclear genome. Second, the plastome has been 
shown to be a cost-effective marker for the study of plant evolution 
(Mariac et  al., 2014; Twyford and Ness, 2017), and improved se-
quencing is highly desirable. Indeed, de novo assembly of genomes 
based on short reads can be problematic because it is linked to the 
presence of repeated regions, which lead to low-quality assemblies 
(Sohn and Nam, 2018). In plastomes, the presence of two large in-
verted repeat (IR) regions (~20 kbp long) present in most plant spe-
cies is problematic for de novo assembly (Mariac et al., 2014); long 
reads would be particularly useful here. This is especially true for 
non-model taxa for which high-quality reference genomes are not 
available. Given the low output of data from MinION, this tech-
nology cannot be easily used to sequence plastomes directly from 
genomic DNA (e.g., genome skimming). In addition, long-read se-
quencing will provide new insights into the structural variation of 
plastomes (Mower and Vickrey, 2018). The main challenge in effi-
ciently applying TGS to the study of plant evolution will be based 
on our ability to capture long DNA fragments. To date, long-read 
targeted capture has mainly been undertaken on organisms with 
small genomes such as bacteria or viruses (e.g., Eckert et al., 2016); 
it has rarely been attempted in organisms with large genomes such 
as plants. Protocols for DNA enrichment for segments in excess of 
20 kbp in length have also been developed (Dapprich et al., 2016). 
In plants, few studies have undertaken long-read targeted capture 
(Giolai et al., 2016, 2017). These protocols prove that capturing long 
DNA fragments is possible but has yet to be routinely developed for 
non-model plants.

Here, we present a protocol to capture long reads for plastome 
sequencing and reassembly using ONT MinION technology. We 
first developed our protocol for the model plant species Oryza 
sativa L. (Asian rice). We then applied the protocol to sequence 
plastomes in several wild species and non-model but econom
ically important crops. Finally, we tested the ability to capture and 
assemble plastomes from DNA extracted from silica gel–dried 
leaves.

MATERIAL AND METHODS

Sampling strategy and DNA extraction

For this study, we focused on seven economically important plant 
species from Asia, Africa, and South America. First, we developed 
and validated our long-read capture protocol using the model plant 
species O. sativa (Asian rice). We then applied our protocol to sev-
eral other plant species from the same genus (Oryza L.), family 
(Poaceae), and finally superorder (Lilianae or monocotyledons): 
African rice (O. glaberrima Steud.), pearl millet (Cenchrus ameri-
canus (L.) Morrone [previously known as Pennisetum glaucum (L.) 
Leeke]), fonio (Digitaria exilis Stapf), and three species of palms 
(Podococcus acaulis Hua, Raphia textilis Welw., and Phytelephas 
aequatorialis Spruce) (Table 1, Appendix 1).

DNA was extracted from fresh leaves for O. sativa, O. glaber-
rima, C. americanus, and D. exilis; while silica gel–dried leaves were 
used for DNA extraction for P. acaulis, R. textilis, and P. aequatori-
alis. In both cases, DNA extraction was performed using a MATAB 
lysis buffer (Sigma-Aldrich, St. Louis, Missouri, USA) and chloro-
form isoamyl alcohol (24 : 1) purification method following Mariac 
et al. (2006).

General probe design

Long-fragment plastome sequences were captured from the to-
tal genomic DNA extracts using two different sets of biotinylated 
probes: one based on O. sativa and used on related Poaceae spe-
cies (O. glaberrima, C. americanus, D. exilis) and one based on 
Podococcus barteri G. Mann & H. Wendl. and used for P. acaulis, R. 
textilis, and P. aequatorialis. Podococcus barteri is the sister species 
to P. acaulis, whereas R. textilis and P. aequatorialis are distantly re-
lated to P. barteri, being in two different subfamilies (Calamioideae 
and Ceroxyloideae, respectively). Probe production (Fig.  1; see 
Appendix 2 for a detailed protocol) was undertaken following the 
protocol described elsewhere (Cronn et  al., 2012; Mariac et  al., 
2014) and led to an average probe size of 300 bp. First, an initial 
full-length plastome was amplified by long-range PCR (LR-PCR) 
using 11 primer pairs taken from Scarcelli et al. (2011) for O. sativa 
(Appendix S1), and another set of 11 primer pairs taken from Faye 
et al. (2016) for P. barteri (Appendix S1). LR-PCR was carried out 
using the LongAmp Taq PCR kit (#E5200S; New England BioLabs, 
Ipswich, Massachusetts, USA) following the manufacturer’s in-
structions in a final volume of 50 μL and using 300 ng of DNA. 
For each probe set, LR-PCR amplicons were pooled at an equimolar 
ratio and sheared to reach a mean size fragment of 300 bp, then 
ligated to adapters for PCR amplification with biotinylated primers.

TABLE 1.  Output data obtained from MinION plastome-enriched library sequencing.

Species DNA Probe origin
Total no. of 
reads (bp)

Median 
read length 

(bp)
Longest 

read (bp)

% of 
plastome 

readsa X-fold

Longest 
plastome 
read (bp)

Median 
plastome read 

length (bp)

Oryza sativa Fresh Oryza sativa 17,129 4627 26,128 70.8 5.3 25,828 4264
Oryza glaberrima Fresh Oryza sativa 81,361 3695 24,804 98.2 12.4 24,504 3398
Cenchrus americanus Fresh Oryza sativa 105,760 4914 25,468 97.0 156.3 25,167 4623
Digitaria exilis Fresh Oryza sativa 141,250 3783 19,378 94.4 13.8 19,078 3489
Podococcus acaulis Silica gel Podococcus barteri 202,924 2486 13,103 15.7 25.0 12,805 2129
Raphia textilis Silica gel Podococcus barteri 83,833 2322 10,705 87.5 94.8 10,405 1997
Phytelephas aequatorialis Silica gel Podococcus barteri 202,925 2437 15,132 79.0 21.6 14,832 2158

aThe percentage of plastome mapped reads was calculated using Burrows–Wheeler alignment to indicated reference plastomes. 
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FIGURE 1.  Schematic representation of the protocol used for long-fragment capture of plastomes (adapted from Mariac et al., 2014).
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Library preparation, in-solution hybridization, multiplexing, 
and sequencing

Illumina libraries were constructed following the protocol of 
Rohland and Reich (2012) using 6-bp barcodes and Illumina 
indices, with extra steps added to allow for amplification and 
in-solution hybridization (Fig. 1, Appendix S2). Briefly, each high-
molecular-weight DNA was sheared using a g-TUBE (Covaris, 
Woburn, Massachusetts, USA) to a mean target size of 10 kbp. 
DNA fragments less than 2000 bp were removed by a sizing step 
performed with 0.4× AMPure magnetic beads (Beckman Coulter, 
Beverly, Massachusetts, USA). DNA was then end-repaired, li-
gated with adapters (allowing PCR amplifications), and then nick 
filled-in before performing a pre-hybridization PCR. Optimal cycle 
number (ranging from five to 12) was defined by real-time ampli-
fication (KK2700; KAPA Biosystems, Roche Sequencing and Life 
Science, Bâle, Switzerland). After clean-up and quantification using 
the NanoQuant Plate (Tecan Group Ltd., Männedorf, Switzerland) 
and QIAxcel (QIAGEN, Valencia, California, USA), library prep
arations were mixed with biotin-labeled probes for hybridization 
of the targeted regions. DNA probe hybridization complexes were 
then immobilized with 100 μg of streptavidin-coated magnetic 
beads. This step was performed using the Dynabeads M-280 ki-
lobaseBINDER Kit (#60101; Invitrogen, ThermoFisher Scientific, 
Waltham, Massachusetts, USA), which is designed for immobiliz-
ing double-stranded DNA molecules longer than 2 kbp.

We then prepared the DNA to create the MinION library. A 
magnetic field was applied to the resulting solution, and the super-
natant containing unbounded DNA was discarded. Enriched DNA 
fragments were then dehybridized from the beads and amplified in 
12 to 15 cycles of real-time PCR in order to obtain the requested 
quantity for the Nanopore library preparation. The final libraries 
were then constructed following the ONT MinION library prepara-
tion detailed in the 1D Amplicon by ligation (SQK-LSK108; ONT) 
protocol for single samples and also in the 1D Native barcoding 
genomic DNA (with EXP-NBD103 and SQK-LSK108) protocol. 
Briefly, 1 μg of enriched DNA was end-repaired, extended with a 
dA-tailing, ligated with Nanopore barcodes, and then ligated with 
Nanopore tether-adapter before loading and sequencing on the 
MinION flow cell. To benefit from multiplexing and to limit costs 
and workload, up to four individuals were pooled at an equimo-
lar ratio using ONT barcodes. Prior to each run, flow cells (FLO-
MIN106, R9.4 Version; ONT) were quality tested using MinKNOW 
software (version 1.2.8; ONT) to ensure the presence of at least 50% 
(256) active channels. Flow cells were loaded with approximately 
275 ± 100 fM capture-amplified DNA libraries. All costs and prod-
uct details are provided in Appendix S3.

Non-enriched MiSeq data

To estimate enrichment rate, we used single-sample non-enriched 
library data sets originating from various Illumina MiSeq se-
quencing runs for O. sativa, O. glaberrima, C. americanus, and 
P. aequatorialis. We used MiSeq data here because its higher yield 
(compared to MinION) allows a better estimation, at a lower cost, 
of the percentage of plastid reads of a non-enriched library. For 
D. exilis, P. acaulis, and R. textilis, we merged 10, two, and 16 sam-
ples, respectively, of non-enriched libraries to provide adequate 
read counts. Forward sequencing read outputs from each MiSeq 
run (i.e., R1 files) were first demultiplexed using the demultadapt 

script (https://github.com/Maillol/demultadapt) to sort reads ac-
cording to a given barcode list. Adapters at the beginning of each 
read from the R2 and demultiplexed R1 files were removed using 
cutadapt-1.2.1 software (Martin, 2011) with the default parameters. 
Reads were then filtered by length (size >35 bp) and mean quality val-
ues (Q > 30) before being paired using compare_fastq_paired_v5.pl  
(https://github.com/SouthGreenPlatform/arcad-hts/blob/master/
scripts/arcad_hts_3_synchronized_paired_fastq.pl and https://github. 
com/SouthGreenPlatform/arcad-hts/blob/master/scripts/arcad_
hts_2_Filter_Fastq_On_Mean_Quality.pl). A final trimming step 
using the fastx-trimmer command from the FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/) was undertaken onto the R2 
paired files to remove the last six bases of each read to ensure re-
moval of any possible barcode present on short reads.

Bioinformatics

All command lines are available in Appendix S4. Using the MinION 
Fast5 output format, base-calling and demultiplexing were under-
taken using Albacore v2.5.11 (https://github.com/Albacore/albacore). 
This generated a FASTQ file from which reads were filtered out. The 
average quality score was lower than 7. For each barcode, a quality 
control using the MinionQC R script (https://github.com/roblanf/
minion_qc) was performed to check for read mean length and qual-
ity scores. Reads were then trimmed using Porechop (https://github.
com/rrwick/Porechop) in order to remove the sequencing adapters 
and barcodes. The only non-default setting is that splitting reads con-
taining adapters in the middle was disabled, in order to avoid issues 
during the polishing step using Nanopolish (see below).

For each library, the percentage of plastome-associated  
reads was estimated by mapping reads to a reference plastid ge-
nome using the Burrows–Wheeler alignment tool (BWA-MEM,  
https://github.com/lh3/bwa) with the “-B 1” option for non-enriched 
short-read data and the “-x ont2d” option for long-read data (Li and 
Durbin, 2009). We then calculated the X-fold enrichment to evalu-
ate capture efficiency (the ratio of plastome reads obtained with cap-
ture relative to plastome reads obtained without capture). Coverage 
and depth values were calculated using Bedtools (Quinlan and Hall, 
2010) genomecov (https://github.com/arq5x/bedtools2). Mismatch 
percentage values between mapped reads and references were re-
covered using Tablet version 1.17.08.17 (Milne et al., 2010).

De novo assembly of plastid genomes

We used the Flye assembler version 2.3 (Kolmogorov et al., 2019) for 
de novo assembly of plastomes based on long MinION reads. For 
O. sativa, all available reads (17,129) were assembled. For the other 
species, the number of reads was too high, in excess of 3000× the 
reference coverage for some data sets, which caused memory usage 
issues. To alleviate this, the reads were randomly split into sets of 
approximately equal size. Each set was then assembled individually 
using the raw Nanopore reads mode. The “min_overlap” parameter 
(i.e., the minimum overlap between reads) in Flye was adjusted on 
a species-by-species basis ranging from 3000 bp (the default value 
for our genome size) to 1000 bp, depending on the medium read 
length for each species. This was done in order to ensure that a suf-
ficient amount of overlaps were detected for the assembly. The draft  
assemblies were then polished using Nanopolish version 0.9.1 
(https://github.com/jts/nanopolish), using minimap2 on the 
“map-ont” preset for the overlapping step. Finally, the assemblies 
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were mapped on the reference sequence of each species using the 
dnadiff tool of MUMmer version 4.0beta2 (Kurtz et  al., 2004), 
which directly provides alignment coordinates and global statistics 
such as the mean identity percentage of alignments.

Although read length is an important consideration, the uni-
formity of reference coverage by the reads can also affect plastome 
assembly. This is especially problematic for low-molecular-weight 
DNA extractions resulting in shorter read lengths on average (as 
happened in our study comparing extractions from silica gel–dried 
leaves vs. from fresh tissue). To test for the impact of the unifor-
mity of reference coverage on the assembly, simulated reads for 
P. aequatorialis (using DNA extracted from silica gel–dried leaves) 
were generated using NanoSim v2.1.0 (Yang et al., 2017). A model 
was first trained on the raw real reads and then 40,000 simulated 
reads were generated, ensuring they have approximately the same 
length distribution and error model as the real reads (see Results). 
The simulated reads were then assembled using the same workflow 
described above.

RESULTS

Plastome enrichment protocol validation on Oryza sativa

All raw reads for the seven species are available from the National 
Center for Biotechnology Information (NCBI) Sequence Read 
Archive (BioProject number PRJNA526996). After read filtering (Q 
> 7), the median length of the 12,227 mapped plastome reads was 
4264 bp (Table 1, Fig. 2B). We recovered the whole plastome with 
an average coverage depth of 364× for the enriched MinION library, 
with a standard deviation increasing from 0.25 to 0.37 between en-
riched and non-enriched libraries (Fig. 2B, C; Appendix 1). The av-
erage mismatch was 11.80% (Appendix 1), and 70.8% of the reads 
mapped to the reference plastome (Fig.  2D, Appendix  1), repre-
senting an approximately fivefold increase in plastome reads when 
compared to the non-enriched MiSeq sequenced library (13.32% 
mapped; Appendix  1). The longest plastome read recovered was 
25,828 bp long (Table 1).

FIGURE 2.  Long-fragment capture results for Oryza sativa. (A) Panicule of Oryza sativa (© IRD - Jean-Pierre Montoroi. Reprinted with permission.). (B) 
Number of reads per read length before mapping. (C) Plastome coverage after mapping. Black bars indicate approximate position of both inverted 
repeat (IR) regions. (D) Percentage of useful reads mapped to the O. sativa reference plastome (KT289404.1) between non-enriched (N, light gray) and 
enriched (E, dark gray) libraries.
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Plastome enrichment protocol applied to non-model species

DNA extraction qualities were variable depending on the source 
of the leaf material used. DNA extracted from fresh tissue always 
produced single bands (not degraded) with fragments higher than 
20 kbp (Appendix 1). In contrast, DNA extracted from silica gel– 
preserved material was of lower quality and generally degraded 
(smear present), with fragments less than 20 kbp long (Appendix 1). 
For the six non-model species, sequencing of the non-enriched li-
braries resulted in 0.63–7.94% of plastome reads (Appendix 1). In 
contrast, enriched libraries resulted in 15.7–98.2% plastome reads, 
corresponding to a 12-fold to 156-fold increase in plastome DNA 
sequences (Fig. 3, Table 1, Appendix 1). The mean average of frag-
ments sequenced from DNA extracted from fresh tissue was 4279 
bp versus 2525 bp for DNA extracted from silica gel–dried leaves 
(Fig.  4A). Sequences mapped to the reference plastomes ranged 
mainly from 2 kbp to 8 kbp, depending on the species (Fig. 4A). 
Average coverage depth was 1988× for enriched libraries (Fig. 4B, 
Appendix 1). The longest read mapped to the plastome ranged from 
10,405 to 25,167 bp for R. textilis and C. americanus, respectively 
(Table 1).

De novo assembly of the plastid genome

When DNA was extracted from fresh leaves, the plastome was as-
sembled in two contigs covering most of the reference (Table  1, 
Appendix S5 for a visual example in C. americanus). Assembled 
contig lengths varied from 81,053 to 12,5727 bp long. However, the 
assembler never managed to fully recover the circular plastid ge-
nome throughout a single contig. For DNA extracted from silica 

gel–dried leaves, where reads were shorter and the coverage more 
heterogeneous, assembly was suboptimal (Table 1, Appendix S6 for 
a visual example in P. aequatorialis), with more final contigs (10–
17), uncovered regions, and sometimes misassemblies. The longest 
assembled contigs were also much shorter than those from fresh 
material (Table 2). In addition, the IR regions were also often not 
differentiated.

Using a simulated data set of reads uniformly distributed across 
the plastome (Appendix S7) and based on the same quality as P. 
aequatorialis significantly improved assembly (Table 2). The assem-
bler resulted in four contigs (vs. 13) covering 99.72% (vs. 87.60%) 
of the reference, and the longest contig was 107,633 bp (vs. 21,797 
bp). However, the existence of two distinct repeated regions was still 
not resolved.

DISCUSSION

We show that targeted capture hybridization of long plastome DNA 
fragments with sufficient coverage (362× to 3318×) is possible in 
plants (Table  1, Appendix  1). In addition, we show a significant 
enrichment of our target region (the plastome) when compared to 
non-enriched data (Figs. 2D, 3; Appendix 1). The different steps of 
our protocol (Fig. 1, Appendix 2) are not fundamentally different 
from previous plastome short-read capture protocols (e.g., Mariac 
et al., 2014) based on in-house probe preparation, shearing, adapter 
ligation, hybridization, and finally capture (Fig.  1, Appendix  2). 
Thus, our approach requires minimal adaptation from previous 
cost- and time-effective protocols and should therefore be of broad 

interest. The main technical change focused 
on the beads used to capture long DNA frag-
ments. For that, we used the kilobaseBINDER 
Kit (Invitrogen), which is said to capture DNA 
fragments longer than 2 kbp. The sizing step 
we performed at 0.4× using AMPure removes 
fragments smaller than 2 kbp and corre-
sponds to the maximum allowed size with the 
AMPure beads. However, other approaches 
are possible to achieve sizing with higher mo-
lecular weight and could be tested (e.g., gel 
extraction, automated size selection system). 
Based on our protocol and costs provided in 
Appendix S3, we estimate a cost of €33.77 
(US$42.00) per individual to sequence a plas-
tome at 30× (costs estimated February 2019). 
We stress, however, that this value is only an 
estimate, and the aim of our protocol was not 
focused on cost effectiveness.

When capturing plastomes across a range 
of different species, we find a difference in 
enrichment percentage ranging from 15.7% 
to 98.2% of useful reads (X-fold: 12.4–156.3; 
Table 1, Fig. 4). Differences in genome versus 
plastome ratios between species might explain 
the variation of on-target mapped reads per-
centage compared to non-enriched libraries. 
In general, our results suggest that species 
with smaller genomes show higher mapped 
read percentages, although this trend should 
be confirmed with more data and specific 

FIGURE  3.  Percentage of useful reads mapped to their respective reference plastome (see 
Table  1) between Illumina non-enriched (N, light gray) and MinION enriched (E, dark gray) 
protocols for the six non-model species in our study. Photo credits: Cenchrus americanus (CC0 
Public Domain; https://pxhere.com/fr/photo/706162); Pennisetum glaucum (© IRD - Cédric 
Mariac, reprinted with permission); Digitaria exilis (© IRD - A. Barnaud, reprinted with permis-
sion); Podococcus acaulis (© IRD - Thomas Couvreur, reprinted with permission); Raphia textilis 
(© IRD - Thomas Couvreur, reprinted with permission); Phytelephas aequatorialis (© IRD - Thomas 
Couvreur, reprinted with permission).

https://pxhere.com/fr/photo/706162
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tests. Alternatively, the quality of the material used for DNA ex-
tractions (e.g., the cellular type and the degradation state) can also 
explain such variations. The low enrichment observed for P. acaulis 
(Table 1, Fig. 3) could potentially be linked to a large genome size, 
although we do not have an estimate of its genome.

A common coverage gap is observed among the plastid genomes 
of the three palm species because of a region that was not covered 
by the probes (see Faye et al., 2016). Lower coverage of other regions 
can be explained by biases that occur during DNA shearing, PCR 
amplification, and hybridization capture, considering a CG content 

FIGURE 4.  Long-fragment capture results for six non-model plant species. (A) Distribution of read lengths before mapping. (B) Plastome coverage 
results from the enriched long-read capture protocol. Black bars indicate approximate position of both inverted repeat (IR) regions.
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effect. Probe bulk normalization from long-range PCR also has to 
be taken into account. However, we obtained a decreased standard 
deviation of the whole target coverage homogeneity (Appendix 1), 
suggesting that our protocol did not introduce more on-target cov-
erage heterogeneity. Nevertheless, applying an alternative capture 
method such as region-specific extraction (Dapprich et al., 2016) 
could help maintain overall good coverage by accessing highly com-
plex, variable, repeat-masked, or unknown regions that prohibit ad-
equate probe binding.

Probes were designed to hybridize across the entire targeted re-
gion (Fig. 1), as is generally done using short-read approaches (Stull 
et al., 2013; Mariac et al., 2014). However, a recent study showed 
that probes targeting small regions are also effective in capturing 
long reads surrounding the targeted region. Indeed, Gasc and 
Peyret (2017) were able to reconstruct a 21.6-kbp fragment using 
probes designed for a small 471-bp microbial gene target. This 
shows that long-read capture will also be very useful for targeted 
sequence capture of nuclear regions.

We demonstrated the capacity of heterologous plastome probes 
to capture target DNA in other species or genera in Arecaceae and 
Poaceae. For example, probes designed on P. barteri hybridized well 
to other palm genera in different subfamilies. This underlines the good 
portability of probes for capturing plastomes across a broad evolution-
ary spectrum (Stull et al., 2013), even for long-fragment capture.

Limits and challenges

Although we were able to successfully capture long plastome frag-
ments using our enrichment protocol, assembling plastomes from 
these data remains challenging. Indeed, the best assembly resulted 
in two mapped contigs, and the worst assembly resulted in 17 
(Table 2). Assembly of plastomes is well known to be problematic 
(Twyford and Ness, 2017), mainly because of the presence of near 
identical IR regions. Indeed, the similarity of the two IR regions 
is too high for assemblers to decipher between IR regions when 
resolving the assembly graph for the entry and exit point of those 
sequences. Thus, when the sequenced reads are shorter than the IR 
regions themselves, it becomes difficult to correctly assemble the 
plastome into a single contig. This can be seen, for example, in C. 
americanus (Appendix S5), where the resulting two contigs do not 
completely cross with one of the IR regions, thus failing to reach 
a single contig. Of course, this problem is amplified when dealing 
with overall shorter reads sequenced from low-molecular-weight 
DNA (see Appendix S6 for an example). In our case, DNA frag-
ments from silica gel–dried leaves were shorter than those extracted 
from fresh leaves (Table 1). Moreover, we observed a decrease of the 
average library fragment size during the preparation steps and after 

PCR because of preferential amplification of shorter fragments, as 
observed by Giolai et al. (2016) and Eckert et al. (2016).

Optimizing read length in such a way that single reads are longer 
than the entire IR region should significantly help in the assembly 
process. In this sense, DNA shearing could be removed in order to 
increase the average size of the reads. Technical limitations would, 
however, include (1) the ability of streptavidin beads to immobi-
lize fragments of tens of thousands of base pairs and (2) the long-
range PCR amplification step of the enriched fragments, which is 
necessary to produce an input of several hundred nanograms for 
the construction of Nanopore libraries. The latter is probably the 
most limiting because it is difficult to produce amplicons more than 
10 kbp long, and even if this is achieved, representation bias must 
be considered. Finally, we show, via simulations, that the unifor-
mity of read coverage across the reference is important for assembly 
(Table 2). Indeed, uniformly distributed reads, even of lower qual-
ity, lead to better assemblages than poor coverage of the reference 
(Table 2). Therefore, uniform coverage of the reference by the cap-
tured reads plays a significant role in the correct and improved as-
sembly even for suboptimal DNA extractions.

A final concern, which is not restricted to long-read sequencing, 
is the presence of plastid DNA in the nuclear genome (i.e., nuclear 
plastid DNAs [NUPTs]). The vast majority of NUPTs are of small 
size (<1000 bp; Yoshida et al., 2014) and thus are normally not cap-
tured and sequenced using our protocol (we sized libraries for reads 
>2 kbp, see Appendix 2). Longer NUPTs up to several kilo base pairs 
long have also been reported (Yoshida et al., 2014). However, differ-
entiating these NUPTs from true plastid DNA is difficult because 
of their length and because they are generally associated with low 
divergence levels (p-distance <0.01%; Yoshida et al., 2014). It is thus 
possible that our protocol does capture NUPTs longer than 2 kbp, 
influencing our enrichment efficiency (the X-fold value). However, 
this did not affect our de novo assembly of the Oryza plastome 
(99.14% identity between the de novo assembly and the reference 
plastome), even though rice contains many NUPTs, including long 
ones (Yoshida et al., 2014).
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bThe simulated data were based on the output results of Phytelephas aequatorialis. 
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APPENDIX 2. Protocols for long-fragment capture of plastomes.

Protocol 1: Construction of rice chloroplast based on 
biotinylated probes (adapted from Mariac et al., 2014)

Step 1: Long-range PCR (LR-PCR) is performed to amplify 
chloroplast regions of the selected species using 300 ng of DNA, 
3 μL of 5 mM dNTPs, 4 μL of 10 μM forward/reverse primer 
mix, 10 μL of 5× reaction buffer, and 2 μL of LongAmp Taq DNA 
Polymerase (#M0323 [#E5200 for the whole kit]; New England 
BioLabs, Ipswich, Massachusetts, USA) in a final volume of 50 μL 
and incubated in a thermocycler*1 (T-1 Thermoblock; Biometra, 
Dublin, Ireland) for an initial 30 s at 94°C; followed by 35 cycles 
of 30 s at 94°C, 1 min at annealing temperature (Ta), and 18 min 
at 65°C; with a final extension of 10 min at 65°C. In our case, 11 
fragments from ca. 7–18 kbp were amplified to cover a majority 
of the chloroplast. Amplicon size is checked on a TAE 1×, 0.8% 
agarose gel electrophoresis via a 30-min run at 100 V using an 
adapted size control. Primers and elongation temperature are 
provided in Appendix S1.

Step 2: The amplicons resulting from LR-PCR are purified 
using Agencourt AMPure XP magnetic beads (#A63881; Beckman 
Coulter, Beverly, Massachusetts, USA) by adding and mixing 
1.8× volume of AMPure XP to the PCR products. After 5 min 
of incubation at room temperature, the supernatant is removed 
and two 70% ethanol washes are performed. Air-dried beads are 
resuspended in 50 μL of DNase/RNase-free water. Concentration 
measurement is realized on a NanoQuant Infinite M200 (Tecan 
Group Ltd., Männedorf, Switzerland) so purified amplicons can be 
equimolarly bulked.

Step 3: Approximately 2–10 μg of DNA bulk are diluted in 100 
μL of water and sheared using 0.65-mL microtubes and a Bioruptor 
Pico (#B01060001; Diagenode, Denville, New Jersey, USA) with the 
target peak set to 200 bp: 13 cycles of 30 s ON/30 s OFF. Sheared DNA 
size is checked on a QIAxcel 12-channel capillary electrophoresis 
system using the QIAxcel DNA Screening Kit (2400) (#929004; 
QIAGEN, Hilden, Germany).

Step 4: Sheared DNA is blunted and 5′ phosphorylated using the 
NEBNext End Repair Module Kit (#E6050; New England BioLabs) 
by adding 5 μL of 10× End Repair Reaction Buffer and 5 μL of End 
Repair Enzyme Mix in a final volume of 50 μL. The mix is incubated 
for 30 min at room temperature (22°C), and the reaction is stopped 
with an AMPure XP 2× clean-up step. DNA concentration is 
checked on NanoQuant Infinite M200 to ensure enough material is 
available for downstream steps.

Step 5: Adapter oligonucleotide hybridization is performed 
using 2 nM (20 μL/100 μM) of linker 1 (5′-AGAAGCTTGAA- 
TTCGAGCAGTCAG-3′ with 5′ phosphate modification), 2 nM (20 
μL/100 μM) of linker 2 (5′-CTGCTCGAATTCAAGCTTCT-3′), 5 
μL of 100 mM Tris-HCl (pH 8), and 5 μL of 100 mM NaCl in a final 
volume of 50 μL and incubated in a thermocycler*1 for an initial 2 
min at 97°C, followed by 72 cycles of 1 min at 97°C with −1°C for 
each cycle, and a final 5 min at 25°C. Hybridized adapters are stored 
overnight at 4°C to reach greater ligation efficiency thereafter. Then 
0.8 pM (100 ng/200 bp) of DNA fragments are ligated with 16 pM 
(4 μL/4 μM) of the adapter and 2 μL of 5 U/μL T4 DNA ligase 
(#EL0011; Thermo Fisher Scientific, Vilnius, Lithuania) in a final 
volume of 20 μL for 2.5 h at 22°C, followed by a heat inactivation 
step at 65°C for 10 min. A clean-up step is performed with a 
AMPure XP 2× purification.A
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Step 6: PCR biotinylation is performed using ca. 100 ng of 
adapter-ligated DNA, 2 μL of 25 μM 5′ TEG-biotinylated linker 
2, 25 μL of 2× KAPA HiFi HotStart ReadyMix (#KM2605; KAPA 
Biosystems, Roche Sequencing and Life Science, Bâle, Switzerland) 
in a final volume of 50 μL and incubated in a thermocycler*1 for 
an initial 3 min at 95°C; followed by 35 cycles of 20 s at 98°C, 15 s 
at 55°C, and 10 s at 72°C; with a final extension of 10 min at 72°C. 
The amplicons are then purified by adding and mixing 2× volume 
of AMPure XP to the PCR products. After 5 min of incubation at 
room temperature, the supernatant is removed and two 70% ethanol 
washes are performed. Air-dried beads are resuspended in 30 μL 
of DNase/RNase-free water. Concentration and average size of 
amplicons are checked on NanoQuant Infinite M200 and QIAxcel. 
Effective biotinylation is controlled by using a streptavidin-binding 
test: streptavidin-linked probes will remain on magnetic beads 
while the supernatant is removed and checked on agarose gel 
electrophoresis in comparison with purified probes.

Step 7: The average probe length can be determined by adding 
and mixing 0.7× volume of AMPure XP to the biotinylated probes. 
After 5 min of incubation at room temperature, the beads are 
discarded and an additional 2× AMPure XP volume is added and 
mixed to the supernatant. After another 5 min at room temperature, 
the supernatant is removed and two 70% ethanol washes are 
performed. Air-dried beads are then resuspended in 20–25 μL 
of DNase/RNase-free water. Concentration and average size of 
amplicons are checked on NanoQuant Infinite M200 and QIAxcel.

Protocol 2: Construction of an enriched library based on 
Rohland and Reich (2012), adapted for long fragments 
(2–20 kbp)

Library preparation follows the published protocol of Rohland 
and Reich (2012) but with the inclusion of five additional steps 
(steps 6–10) for the enrichment procedure (biotinylated probe 
capture) and some modifications including fragment sizing and a 
final Nanopore MinION library multiplex preparation.

Step 1 (optional): For each individual, approximately 1–4 μg 
of total DNA are diluted in 80 μL of water and sheared using a 
g-TUBE (Covaris, Woburn, Massachusetts, USA) by a two-way 
centrifugation 2 × 1 min at 6000 rpm, making sure that the entire 
volume passes through the thin membrane both ways. The rotor 
speed selection may be modified depending on the targeted size 
and the DNA mass. Sheared DNA size is checked on a TAE 1×, 
0.8% agarose gel electrophoresis via a 30-min run at 100 V using 
an adapted size control. Sheared DNA size is checked on a QIAxcel 
12-channel capillary electrophoresis system using the QIAxcel 
DNA Screening Kit (2400) (#929004; QIAGEN).

Step 2: If needed or for short and/or degraded samples, a single 
fragment size selection can be performed using Agencourt AMPure 
XP magnetic beads by adding and mixing 0.4× volume of AMPure 
XP to the DNA. After 5 min of incubation at room temperature, 
the supernatant is removed and two 70% ethanol washes are 
performed. Air-dried beads are resuspended in 50 μL of DNase/
RNase-free water.

Step 3: Sheared DNA is blunted and 5′ phosphorylated using the 
NEBNext End Repair Module Kit (#E6050; New England BioLabs) 
by adding 5 μL of 10× End Repair Reaction Buffer and 5 μL of End 
Repair Enzyme Mix in a final volume of 50 μL. The mix is incubated 
for 30 min at room temperature (20°C), and the reaction is stopped 
with an AMPure XP 0.5× clean-up step. DNA concentration is 

checked on NanoQuant Infinite M200 to ensure enough material is 
available for downstream steps.

Step 4: A total of 50–100 fM (300 ng/5–10 kbp) of DNA fragments 
are ligated with 8 pM (2 μL/4 μM) of PE-P7, 8 pM (2 μL/4 μM) 
of barcoded P5 adapters using hexamer barcodes (Rohland and 
Reich, 2012), and 2 μL of 5 U/μL T4 DNA ligase and 2 μL of 10× 
T4 Buffer (#EL0011 and #B69; Thermo Fisher Scientific) in a final 
volume of 20 μL for 2.5 h at 22°C followed by a heat inactivation 
step at 65°C for 10 min. PE-P7 can be replaced by MPE-P7 in order 
to add indices subsequently. A clean-up step is performed with an 
AMPure XP 1× purification.

Step 5: A nick fill-in step is performed using 2 μL of 8 U/μL Bst 
DNA polymerase (#M0275; New England BioLabs), 3 μL of 10× 
ThermoPol Reaction Buffer (New England BioLabs), and 1.5 μL of 
5 mM dNTPs in a final volume of 30 μL. The mix is incubated in a 
thermocycler*1 for 15 min at 37°C and the reaction is stopped with 
an AMPure XP 1× clean-up step. DNA concentration is checked on 
NanoQuant Infinite M200 to ensure enough material is available for 
downstream steps.

Enrichment steps

Step 6: A real-time pre-hybridization LR-PCR is performed using 
20 μL of DNA, 25 μL of KAPA HiFi HS Real-Time Master Mix (2×) 
(#KM2702; KAPA Biosystems), 25 pM (2.5 μL/10 μM) of PreHyb-PE_F 
primer (CTTTCCCTACACGACGCTCTTC), and 25 pM (2.5 μL/10 
μM) of PreHyb-PE_R primer (CTCGGCATTCCTGCTGAACC) 
following Rohland and Reich (2012) in a final volume of 50 μL and 
incubated in a LightCycler 480 Instrument II (Roche Molecular 
Systems, Bâle, Switzerland) for an initial 45 s at 98°C, followed 
by 55 cycles of 15 s at 98°C, 30 s at 62°C, and 10 min at 72°C, and 
ended by a single point fluorescence acquisition. PCR is monitored 
and stopped after optimal cycles are reached just before the plateau 
phase as recommended by the manufacturer. In our case, this varied 
around 5–12 cycles, depending on the DNA quantity. The amplicons 
are then purified and size-selected by adding and mixing 0.38× 
volume of AMPure to the PCR products. Particular care must be 
taken with the pipetting accuracy as it is critical that the volume be 
correctly measured. After 5 min of incubation at room temperature, 
the supernatant is removed and two 70% ethanol washes are done. 
Air-dried beads are resuspended in 25 μL of DNase/RNase-free 
water. PreHyb-PE-R has to be replaced by PreHyb-MPE-R primer 
(TGACTGGAGTTCAGACGTGTG) if subsequent index addition 
is intended. DNA concentration is checked on NanoQuant Infinite 
M200 to ensure enough material is available for downstream steps.

Step 7: In-solution hybridization capture is carried out using 
200 ng of heat-denatured DNA for 5 min at 95°C, 100 ng of 
biotinylated probes, 2 μL of 1% SDS, 12 μL of 20× SSC, 1.3 μL of 
400 ng/μL BSA, 0.5 μL of 100 μM Univ_Block_P7 primer (AGATC- 
GGAAGAGCGGTTCAGCAGGAATGCCGAG), and 0.5 μL of 100 
μM Univ_Block_P5+INOSINE primer (CTTTCCCTACACGACG- 
CTCTTCCGATCTiiiiii) in a final volume of 40 μL and incubated 
at 65°C for 16–20 h at 800 rpm in a ThermoMixer C (#5382000015; 
Eppendorf, Hamburg, Germany). Univ_Block_P7 has to be replaced 
by MPE-P7 primer (TGACTGGAGTTCAGACGTGTGCTCTTCC- 
GATCT) for further indexation.

Step 8: Biotinylated probes annealed to the DNA targets are 
then immobilized with 100 μg of streptavidin-coated beads from 
the streptavidin-coupled Dynabeads M-280 kilobaseBINDER Kit 
(#60101; Invitrogen, ThermoFisher Scientific) previously washed 
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and resuspended in 40 μL of the manufacturer’s binding solution and 
heated for 5 min at 65°C. Specific care must be used when mixing 
beads with libraries, and it is advised to homogenize by flicking the 
tubes instead of pipetting. The complex is then incubated for 2–3 h 
at 1000 rpm in the ThermoMixer C. Samples are then placed on a 
magnetic plate to remove the supernatant.

Step 9: Beads are then subjected to two washes with the washing 
solution and one wash with 1 M Tris-HCl (pH 8), each wash including 
a 5-min incubation step at 65°C. The supernatant is removed, 
and samples are placed on a magnetic plate as recommended by 
the manufacturer. Particular care must be taken when pipetting 
supernatants because beads can easily be caught in the pipette tip.

Step 10: Beads are resuspended in 20 μL of DNase/RNase-free 
water and incubated for 10 min at room temperature and 5 min 
at 95°C to release hybridized DNA fragments. Samples are then 
immediately placed on a magnetic plate, and the supernatant 
containing the captured targeted DNA is retained.

Library preparation (end)

Step 11: A real-time post-hybridization LR-PCR is under
taken to extend the adapter sequence and enrich library 
fragments using 20 μL of DNA, 25 μL of 2× KAPA HiFi HS 
Real-Time Master Mix (#KM2702; KAPA Biosystems), 25 pM 
(2.5 μL/10 μM) of Sol-PE-PCR_F primer (AATGATACGG- 
CGACCACCGAGATCTACACTCTTTCCCTACACGACG- 
CTCTTC), and 25 pM (2.5 μL/10 μM) of Sol-PE-PCR_R primer 

(CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATT- 
CCTGCTGAACC) following Rohland and Reich (2012) in a final 
volume of 50 μL and incubated in a LightCycler 480 Instrument 
II (Roche Molecular Systems) for an initial 45 s at 98°C, followed 
by 55 cycles of 15 s at 98°C, 30 s at 62°C, and 10 min at 72°C, and 
ended by a single point fluorescence acquisition. PCR is monitored 
and stopped after optimal cycles are reached just before the plateau 
phase as recommended by the manufacturer. In our case, this  
varied 14–22 cycles depending on the DNA quantity after capture. 
The amplicons are then purified by adding and mixing 2× volume 
of AMPure to the PCR products. After 5 min of incubation at room 
temperature, the supernatant is removed and two 70% ethanol 
washes are performed. Air-dried beads are resuspended in 25 μL of 
DNase/RNase-free water. Sol-PE-PCR_R can be replaced here by any 
desired index primer, such as Sol-MPE-IND1_R primer (CAAG- 
CAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTC- 
AGACGTGT). Amplicon size is checked on a TAE 1×, 0.8% 
agarose  gel electrophoresis via a 30-min run at 100 V using an 
adapted size control. DNA concentration is checked on NanoQuant 
Infinite M200 to ensure enough material is available for downstream 
steps.

Barcoded libraries were then sequenced using the MinION 
library preparation protocol steps (Oxford Nanopore Technologies, 
Oxford, United Kingdom) as: 1D Amplicon by ligation (SQK-
LSK108) or 1D Native barcoding genomic DNA (with EXP-
NBD103 and SQK-LSK108) and sequenced on a MinION flow cell 
device.


