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Abstract
Resolving intractable phylogenetic relationships often requires simultaneously analyzing a large number of coding and noncoding
orthologous loci. To gather both coding and noncoding data, traditional sequence capture methods require custom-designed
commercial probes. Here, we develop a cost-effective sequence capture method based on homemade probes, to capture thousands
of coding and noncoding orthologous loci simultaneously, suitable for all organisms. This approach, called “FLc-Capture”,
synthesizes biotinylated full-length cDNAs from mRNA as capture probes, eliminates the need for costly commercial probe
design and synthesis. To demonstrate the utility of FLc-Capture, we prepared full-length cDNA probes from mRNA extracted
from a common colubrid snake. We performed capture experiments with these homemade cDNA probes and successfully
obtained thousands of coding and noncoding genomic loci from 24 Colubridae species and 12 distantly related snake species of
other families. The average capture specificity of FLc-Capture across all test snake species is 35%, similar to the previously
published EecSeq method. We constructed two phylogenomic data sets, one including 1,075 coding loci (˜817,000 bp) and
another including 1,948 noncoding loci (˜1,114,000 bp), to study the phylogeny of Colubridae. Both data sets yielded highly
similar and well-resolved trees, with 85% of nodes having > 95% bootstrap support. Our experimental tests indicated that
FLc-Capture is a flexible, fast, and cost-effective sequence capture approach for simultaneously gathering coding and noncoding
phylogenomic data sets to study intractable phylogenetic questions. We anticipate that this method can provide a new data
collection tool for the evolutionary biologists working in the era of high-throughput sequencing.
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Abstract
Resolving intractable phylogenetic relationships often requires simultaneously analyzing a large number of
coding and noncoding orthologous loci. To gather both coding and noncoding data, traditional sequence
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capture methods require custom-designed commercial probes. Here, we develop a cost-effective sequence
capture method based on homemade probes, to capture thousands of coding and noncoding orthologous loci
simultaneously, suitable for all organisms. This approach, called ”FLc-Capture”, synthesizes biotinylated
full-length cDNAs from mRNA as capture probes, eliminates the need for costly commercial probe design
and synthesis. To demonstrate the utility of FLc-Capture, we prepared full-length cDNA probes from mRNA
extracted from a common colubrid snake. We performed capture experiments with these homemade cDNA
probes and successfully obtained thousands of coding and noncoding genomic loci from 24 Colubridae species
and 12 distantly related snake species of other families. The average capture specificity of FLc-Capture
across all test snake species is 35%, similar to the previously published EecSeq method. We constructed two
phylogenomic data sets, one including 1,075 coding loci (˜817,000 bp) and another including 1,948 noncoding
loci (˜1,114,000 bp), to study the phylogeny of Colubridae. Both data sets yielded highly similar and wellresolved trees, with 85% of nodes having > 95% bootstrap support. Our experimental tests indicated that
FLc-Capture is a flexible, fast, and cost-effective sequence capture approach for simultaneously gathering
coding and noncoding phylogenomic data sets to study intractable phylogenetic questions. We anticipate
that this method can provide a new data collection tool for the evolutionary biologists working in the era of
high-throughput sequencing.
Keywords: high-throughput sequencing, sequence capture, transcriptome, snake, phylogeny
Introduction
Resolving difficult phylogenetic questions usually requires genome-scale data. However, large data sets do
not necessarily lead to correct results because accurate phylogenetic inference relies on the correct evolution
model. A subtle model violation may be sufficient to mislead phylogenetic inference when data is big (Hahn
& Nakhleh 2016). Therefore, when addressing difficult phylogenetic questions, to avoid highly supported but
wrong phylogenetic inference, in addition to careful model selection and data refinement, it is often desirable
to analyze several independent phylogenomic data sets for consistency. In genomes, coding sequences and
noncoding sequences have different evolutionary characteristics and are relatively independent data sources.
As a result, it is becoming increasingly popular to simultaneously analyze both coding and noncoding genomic
data in many recent phylogenomic studies (Chen et al., 2017; Jarvis et al., 2014; Reddy et al., 2017).
Whole-genome shotgun (WGS) sequencing is the simplest way to obtain coding and noncoding phylogenomic data simultaneously, but it is still cost-prohibitive to sequence dozens or hundreds of full genomes
despite the rapid progress of sequencing technology. In fact, because phylogenomic studies do not need
fully-assembled genomes but only phylogenetically informative loci, low-coverage WGS sequencing is generally sufficient to meet the basic requirements for phylogenomic studies. Until now, there are three main
approaches for extracting phylogenetically informative loci from low-coverage WGS data. The first approach,
called ”automated Target Restricted Assembly Method (aTRAM),” assembles WGS data into predefined
targeted regions by selecting reads with iterative BLAST searches (Allen et al., 2017). This method has
been demonstrated to be able to extract over a thousand loci from 5-10× coverage WGS data of sucking
lice (genome size 100-150Mbp). However, this method is more suitable for species with small genomes, since
iterative BLAST searches will be too computationally intensive with large datasets. The second approach
directly extracts phylogenomic data (coding and noncoding) from low-coverage WGS data by assembling
entire genomes (Allio et al., 2019; Hughes & Teeling, 2018; Zhang et al., 2019). Zhang et al. (2019) showed
that, for species with small genomes (0.1-1 G), 10-20× coverage WGS data is sufficient to extract hundreds
to thousands of phylogenetic loci. However, this method is still not suitable for organisms with large genomes
(> 1 G) because de novo genome assembly is highly difficult under this situation. The third approach does
not extract phylogenomic loci by assembling genomes but extract single nucleotide polymorphisms (SNPs)
from low-coverage WGS data by mapping reads to reference genomes. Olofsson et al. (2018) used this strategy to study the phylogeny of the olives that have relatively large genomes (˜ 1.5 G). The shortcoming of
this method is that it requires annotated reference genomes and tends to perform relatively poorly across
highly divergent lineages. Currently, although low-coverage WGS sequencing has shown great promise in
constructing phylogenomic data sets, it is still somewhat challenging to apply it in organisms with large
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genomes.
Two sequencing methods perform better than genome shotgun sequencing in generating phylogenomic data
from large genome species: transcriptome sequencing (Morozova et al., 2009; Wang et al., 2009) and sequence
capture (Faircloth et al., 2012; Glenn et al., 2016; Jones et al., 2016; Lemmon et al., 2012; Lemmon & Lemmon
2013). The target of transcriptome sequencing is expressed mRNAs whose size does not vary significantly,
no matter how large the genome size is. Because mRNAs contain both open reading frames (ORFs) and
untranslated regions (3’ UTR and 5’ UTR), transcriptome sequencing can enable researchers to obtain a large
amount of coding and noncoding sequences simultaneously (Garrison et al., 2016; Misof et al., 2014; Oakley et
al., 2012). However, transcriptome sequencing requires fresh or properly stored tissues to provide high-quality
RNA, which often limits the number of taxa included in such phylogenomic studies (Lemmon & Lemmon
2013; McCormack et al., 2013). Sequence capture uses biotinylated probes to enrich the target regions of
the genome of interest selectively. It allows researchers to attain higher sequencing depth over a predefined
subset of the genome for a given cost, particularly helpful to species with large genomes (Mccartney-melstad
et al., 2016). An advantage of sequence capture is that it does not require high-quality DNA samples and can
handle highly degraded DNA extracted from old museum specimens (e.g., Blaimer et al., 2016; Guschanski
et al., 2013). This property can greatly increase the sampling number of taxa in a phylogenomic study.
Moreover, sequence capture is also very flexible. Many capture methods have been developed for various
purposes, such as ultra-conserved element (UCE) sequencing (Faircloth et al., 2012) for collecting noncoding
sequences, anchored hybrid enrichment (AHE; Lemmon et al., 2012) and exon capture (Albert et al., 2007;
Bi et al., 2012; Ng et al., 2009) for collecting coding sequences, and a combination of AHE and UCE for
collecting both coding and noncoding sequences simultaneously (Singhal et al., 2017). However, most current
sequence capture methods require the researcher to have prior genomic information for probe design and
then to synthesize the probes through commercial companies. For nonmodel species, the probe design is
often difficult due to a lack of genome information. Also, the cost of using commercial probes will be high
when a research project has hundreds of samples or more, probably reaching several thousands of dollars.
Recently, Puritz and Lotterhos (2017) demonstrated that cDNA fragments could be used as capture probes
to capture coding sequences from genomes. Using cDNAs by reverse transcription from mRNAs as probes to
sequence capture genomes can avoid using commercial probes, thus greatly reduce the cost of experiments.
The method of Puritz and Lotterhos (EecSeq) only focuses on capturing coding regions, and the experiment design and bioinformatic pipeline all revolve around how to obtain exonic SNPs. In fact, full-length
cDNA sequences consist of coding ORFs and noncoding UTRs. If both ORFs and UTRs are considered in
the cDNA probe preparation, genomic DNA of both coding and noncoding regions can be captured and
sequenced simultaneously. The direct use of full-length cDNAs as probes for sequence capture can produce
transcriptome-level data and skips the step of probe design, which is particularly suitable for nonmodel
organisms lacking of genomic information. Moreover, it can allow investigators for simultaneously obtaining coding and noncoding phylogenomic data, and thus will be helpful for studying difficult phylogenetic
questions.
In this study, we present a novel sequence capture method based on homemade probes, called ”full-length
cDNA capture sequencing” (FLc-Capture). It is a universal, flexible, and cost-effective sequence capture
method that works for all organism groups. The most distinctive feature of this method is to use the
SMART technology (Clontech Inc.) to synthesize full-length cDNAs and then created biotinylated probes
from cDNAs. The specially designed bioinformatics analysis scheme enables users to extract a large number
of genomic loci (both coding and noncoding) from the capture data without any genome knowledge of the
taxa been investigated. To demonstrate the utility of the FLc-Capture method, we used it to study the
phylogeny of the family Colubridae (Serpentes: Caenophidia), a rapid radiation lineage with large genomes
(˜2 G). We successfully obtained hundreds to thousands of coding and noncoding genomic loci from dozens
of colubrid and distantly related outgroup snake species from the FLc-Capture data. These coding and
noncoding phylogenomic data were able to reconstruct a robust phylogeny of Colubridae and addressed the
long-debated relationships among subfamilies. We anticipate the method presented in this study can provide
a new high-throughput sequencing approach for studies seeking to resolve difficult phylogenetic questions.
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Materials and methods
Experimental overview
FLc-Capture sequencing is designed with two specific goals: (a) to eliminate the need for expensive capture
probe synthesis and (b) to obtain genome-scale data of both coding and noncoding regions simultaneously.
To this end, researchers should choose one common species readily available from their taxonomic group of
interest to extract high-quality RNA and synthesize full-length cDNAs. These full-length cDNAs are then
amplified by biotinylated primers to generate the homemade capture probes for subsequent sequence capture
experiments. The steps for probe preparation and sequence capture are visualized in Figure 1.
Taxon sampling, DNA extraction, and library preparation
The family Colubridae is a widespread snake group with relatively large genomes (˜2 G). It is a rapid radiation lineage and the subfamily relationships within this family has historically proven difficult to resolve.
Therefore, the family Colubridae is a good case study for demonstrating the utility of the FLc-Capture method for generating genome-scale coding and noncoding data sets to resolve difficult phylogenetic questions.
Based on the latest phylogenies of Colubridae (Li et al., 2020), we sampled 24 colubrid species representing
23 genera, seven subfamilies (Dipsadinae, Pseudoxenodontinae, Natricinae, Sibynophiinae, Calamariinae,
Ahaetuliinae, Colubrinae) and 12 distantly related outgroup snake species from five families (Xenodermatidae, Pareatidae, Viperidae, Elapidae, Homalopsidae). The detailed information of these samples, such as
taxonomy, collection locality, and voucher, is given in Table 1.
Total genomic DNA was extracted from ethanol-preserved liver or muscle tissue of each sample using a
TIANamp Genomic DNA Kit (Tiangen, Beijing). All DNA extracts were measured using an ND-2000 spectrophotometer and diluted to a concentration of 50 ng/μl with 1x TE. For each sample, 250 ng of its genomic
DNA was randomly fragmented to 200-400 bp using NEBNext dsDNA Fragmentase (NEB). The fragmented
DNA was purification with AMpure XP beads (Beckman Coulter). The purified DNA was used for Illumina
library preparation with NEBNext Ultra DNA Library Prep Kit (New England Biolabs) (Fig. 1a). Each
sample was labeled with a unique 8-bp index sequence. Three or four libraries were mixed into a pooled
library in equal concentrations for subsequent hybridization capture.
Low-coverage whole-genome sequencing (WGS) and data analysis
In order to test whether it is possible to extract phylogenomic data from low-coverage WGS data for organisms with large genomes (> 1 G), we selected two colubrid species (Amphiesma stolatum and Heterodon
platirhinos ) as the test samples. We sequenced their DNA libraries on an Illumina HiSeq X-ten lane using
paired-end 150-bp mode. We obtained ˜40 G sequence data per sample corresponding to a sequencing depth
of about 20×. The genome sizes of the two colubrid species were estimated from the WGS data by using
Jellyfish version 2.3.0 (Guillaume & Carl 2011). As a comparison, we also downloaded the WGS data of
four insects with relatively small genomes from NCBI: Pediculus humanus (108M), Phoebis sennae (287M),
Zootermopsis nevadensis (485M), andHalyomorpha halys (996M). The WGS data resources of these four
insect species are given in Appendix S2.
We adopted the method of Zhang et al. (2019) to directly extract phylogenetic loci from the WGS data
through de novo genome assembling. The raw reads were first filtered to remove adapter sequences and
low-quality nucleotides. The filtered reads of each species were assembled into scaffolds using the SPAdes
version 3.8.1 genome assembler, using an auto K-mer mode (–cov-cutoff auto). We downloaded a vertebrate
core database comprising 2,586 genes (a total length of ˜3,280 K) and an insect core database composed
of 1,367 genes (a total length of ˜1,285 K) from the OrthoDB database as targeted gene clusters and used
BUSCO v3.0.2 (Waterhouse et al., 2018) to extract orthologous sequences from the genome scaffolds. The
genome assembly and gene extraction process were repeated at a sequencing depth of 1×, 5×, 10×, 20×,
respectively. To compare the effect of extract phylogenomic loci from low-coverage WGS data of small and
large genome species, we calculated the proportion of complete/fragmented genes (gene recovery rates) and
the proportion of sites across the total length of reference genes.
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Full-length cDNA probe preparation
The workflow of producing full-length cDNA probes is illustrated in Figure 1b. We extracted high-quality
RNA from fresh liver tissue of Ptyas korros , a common colubrid species, using the RNA prep Pure Tissue Kit
(Tiangen, Beijing). The quality of total RNA was assayed using an Agilent Bioanalyzer 2100 and the RNA
integrity number (RIN) was greater than seven. The synthesis of full-length cDNAs was performed using
SMARTer PCR cDNA Synthesis Kit (Clontech Inc.) based on the manufacturer’s protocols. 4.5 μl of cDNA
synthesis mixture containing 1 μg total RNA and 2.67 μM universal tail primer I (included in the kit) was
incubated for 3 min at 72 °C and 2 min at 42 °C. The volume was then adjusted to 10 μl with the following
reagents: 1× First-Strand Buffer, 2.5 mM DTT, 1mM dNTP Mix, 1.2 μM SMARTer II A Oligonucleotide
(included in the kit), 0.25 μl RNase Inhibitor and 10 U SMARTScribe Reverse Transcriptase. Tailing,
template switching, and extension were carried out for 90 min at 42°C. The reaction was terminated for 10
minutes at 72°C. The first-strand synthesis product was diluted with 40 μl 1× TE, and used as templates
for cDNA amplification. The SMART technology can ensure the synthesized cDNAs are in full-length, and
both ends of the synthesized cDNAs contain universal tail sequences.
The synthesized first-strand cDNAs were amplified with a 5’-biotinylated primer (universal tail primer II; see
Appendix S1) to generate full-length cDNA probes (Fig. 1b). The PCR reaction mixture contained 1.25 U
HiFi Taq DNA Polymerase (TransGen, Beijing), 1× HiFi PCR buffer, 0.2 mM dNTPs, 0.24 μM of universal
tail primer II and one μl of diluted first-strand cDNA synthesis product in a total volume of 100 μl. The
thermal cycling program is as follows: an initial denaturation for 1 min at 95 °C followed by 19 cycles of
15 s at 95°C, 30 s at 65°C, 6 min at 68 °C. The amplification product was purified by AMpure XP beads
and checked on a 1.2% TAE agarose gel. After that, the purified amplification product (full-length cDNA
probes) was measured using an ND-2000 spectrophotometer and diluted to a concentration of 50 ng/μl with
1× TE. We did not normalize our full-length cDNA probes to decrease the abundance of highly expressed
cDNA, but directly used them for subsequent capture experiments.
Hybridization capture and sequencing
Hybridization capture of the FLc-Capture method is similar to that of previously published capture protocols
(Li et al., 2013) with some modifications. For each capture reaction, 500 ng of DNA libraries and 200 ng
of cDNA probes are used. In order to increase the capture efficiency, we used a touch-down hybridization
program: after denaturation at 94°C for five minutes, the hybridization starts from 65°C decreased by 5°C
every 6 hr and ended at 45°C, for a total duration of 30 hours. The hybridized DNA fragments are captured
with streptavidin magnetic beads (Dynabeads MyOne bead, Life Technologies). The beads are washed to
remove unhybridized DNAs and eluted in 30 μl of 1× TE to release the captured DNA fragments. The
captured libraries are amplified with Illumina P5 and P7 universal primers. Finally, the captured libraries of
different capture experiments are pooled in equal concentrations and sequenced on three lanes of Illumina
HiSeq X-ten with paired-end 150-bp mode (˜400 G of total data). The workflow of the hybridization capture
experiment is shown in Figure 1c.
Bioinformatic workflow
Building up reference ORF and UTR sets
The cDNA probes need to be sequenced to provide reference sequence sets for subsequently captured data
analysis. To this end, 100 ng of the cDNA probes were used to construct a sequencing library following
the same procedure as genomic library preparation. The probe library was sequenced on an Illumina HiSeq X-ten sequencer using paired-end 150-bp mode. The raw reads were first filtered to remove adapter
sequences and low-quality nucleotides by using Trimmomatic version 0.36 (Bolger et al., 2014) and FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Clean reads were assembled into transcripts
using TRINITY r20140717 with default parameters (Grabherr et al., 2011). The obtained transcripts were
filtered with CD-HIT-EST version 4.6.5 (Fu et al., 2012) to reduce redundancy (95% similarity cutoff). The
sequencing depths for filtered transcripts were calculated by SAMtools version 1.4.1 (Li et al., 2009). Only
transcripts of average sequencing depth [?] 5x, length [?] 200 bp were retained. TransDecoder, a program in
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the TRINITY package, was used to determine the open reading frame (ORF) for each transcript. Based on
the position of the ORF, each transcript can be annotated to 5’ UTR (untranslated region), coding region,
and 3’ UTR. The translated protein sequences of the predicted ORFs were searched by BLASTP (NCBI
BLAST+ version 2.6.0, Boratyn et al., 2013) against the human proteomes with an e-value threshold of
1E-10. Only transcripts that have BLASTP hits were retained to focus on known vertebrate transcripts.
Finally, all ORFs of length > 300 bp and UTRs of length > 100 bp are extracted using a custom Python
script to build two reference sets (ORF and UTR) for the subsequent captured data analysis (Fig. 2a).
Sequence capture data analysis
Sequence capture reads were sorted into each species by the 8-bp species index. The raw reads of each
species were filtered to remove adapter sequences and low-quality nucleotides. To accelerate assembly and
save computing resources, we down-sampled reads over high-depth areas at an average depth of 20x by
normalization using BBNORM.SH (BBTools, Bushnell 2014). The normalized read data were then de novo
assembled using the SPAdes version 3.8.1 genome assembler (Bankevich et al., 2012), using an auto K-mer
mode (–cov-cutoff auto). Only contigs longer than 200 bp were retained. The retained contigs were further
filtered with CD-HIT-EST to reduce redundancy (95% similarity cutoff). Finally, the contigs were BLASTed
against the reference ORF and UTR sets to remove non-target sequences, thus reduce the computational
intensity of the subsequent analyses.
Extract ORF (coding) sequences —Each of the reference ORF sequences is typically composed of multiple
exons. In the genome, these exons are interrupted by introns. To extract the coding sequence corresponding
to the entire reference ORF, we need to identify correct exons from assembled contigs and stitch these
identified exons into a complete ORF sequence. We adopted a bioinformatics pipeline called ”exon mapping”
to fulfill this purpose. For each reference ORF, we used EXONERATE version 2.2.0 (Slater & Birney 2005)
to locate its relevant exons from the filtered contigs based on its translated protein sequence. The identified
exons are then mapped onto the reference ORF to make an orthologous ORF sequence (missing regions were
filled with N), based on the coordinate information from the EXONERATE searches. This exon mapping
strategy makes the obtained coding sequences from each sample have the same length to the reference ORF,
which reduces the difficulty of sequence aligning. The workflow of extracting the orthologous ORF sequence
is illustrated in Figure 2b. The whole bioinformatics procedure is fulfilled by an in-house Python script
”Extracting coding sequences.py.”
Extract UTR (noncoding) sequences — Unlike the ORF sequences are fractured in the genome, UTR sequences are commonly continuous in the genome and most likely located within single assembled contigs.
Based on the reference UTRs, we used a mutual best-hit (MBH) strategy (program = BLASTN, e-value <
1e-10, identity > 70%) to extract UTR orthologous groups (OGs) from all samples. The 1:1 orthology is
confirmed if one contig of a sampled species and one reference UTR sequence find each other as the best
hit in the bidirectional BLAST. Within each UTR OGs, the extracted sequences are normally different in
length, which may make them difficult to be aligned. We used a previously published Python script (Li et
al., 2019) to determine the optimal aligning region for all sequences within a UTR OG. In brief, the script
uses the mutual-BLAST results to determine the relative position of each sequence to the reference sequence
and searches for the optimal upstream and downstream boundaries to trim the sequences. Here, we demand
that at least 40% of species have data at both the upstream and downstream boundaries. The workflow of
extracting the orthologous UTR sequence is illustrated in Figure 2c.
Phylogenetic analysis
All extracted ORF or UTR sequences with mean sequencing depth < 5 were discarded. The ORF OGs
(orthologous groups) were already alignments and do not need to be aligned (see Figure 2b). We used
Gblocks version 0.91 (Castresana 2000) under codon mode (-t = c) and half gaps allowed (-b5 = h) to refine
these ORF alignments. The UTR OGs were aligned using the program SATe-II version 2.2.2 (Liu et al., 2012)
with the ”-auto” option. The resulting alignments are also refined using Gblocks with half gaps allowed (-b5
= h). To further reduce possible errors in orthology assignment and alignment, we reconstructed a maximum-
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likelihood (ML) tree for every ORF or UTR alignment using RAxML v8.2.2 (Stamatakis 2014) under GTR
+ GAMMA model. If a tree contained extremely long branches that accounted for > 50% of the total tree
length, the corresponding sequences were removed from the alignment. We kept only the alignments that are
longer than 100 bp and contain more than seventeen species (at least ten colubrid species and one outgroup
species). Gene trees for each refined ORF or UTR alignment were constructed using RAxML with the GTR
+ GAMMA model and 100 bootstrapping replicates (-f a option). To investigate the degree of incongruence
among gene trees, we calculated the pairwise Robinson-Foulds distances (Robinson & Foulds 1981) between
gene trees using the python script of Gori et al. (2016). The tree-to-tree distances were visualized using
multidimensional scaling (MDS) in R (Hillis et al., 2005).
The filtered ORF and UTR alignments were combined into two concatenated supermatrix, respectively, and
subjected to ML analyses using RAxML. Because our data sets included thousands of genes, partitioning our
data sets by genes was not possible. Therefore, the ORF data set was partitioned by three codon positions,
and the UTR data set was unpartitioned. ML analyses for both data sets were performed with the GTR +
GAMMA model. Branch support for the resulting phylogeny was evaluated with 500 rapid bootstrapping
replicates implemented in RAxML.
Results
The performance of low-coverage WGS sequencing in species with large genomes
Our WGS sequencing produced 261 and 269 million clean 150-bp paired-end reads for the two colubrid
species (Amphiesma stolatum andHeterodon platirhinos ), respectively (˜40 G sequence data per sample).
The genome sizes of Amphiesma stolatumand Heterodon platirhinos estimated by Jellyfish are 1,348 Mbp
and 1,686 Mbp, respectively. We compared the performance of the method of Zhang et al. (2019) for
extracting phylogenetic loci from low-coverage WGS data in these two colubrid species with large genomes
and other four insects with relatively small genomes (Fig. 3). Detailed statistics of genome assembly and
locus extraction are summarized in Appendix S3.
At levels of sequencing depth 5x and less, few genes can be extracted from genome assemblies of both small
and large genome species (Fig. 3). At a level of 10x sequencing depth, the recovery rate of genes (complete +
fragmented) for small genome species were significantly improved, with a range of 68%˜95%. If the recovered
rate was calculated by DNA sites, 41%˜91% of DNA sites were recovered from small genome species. In
contrast, the gene recovery rates of the two snake species were still low at 10x sequencing depth, less than
10%, and no more than 5% DNA sites were recovered from the two snake species (Fig. 3). When sequencing
depth increased to 20x, the gene recovery rate of small genome species increased to 85%˜98%, and the site
recovery rate increased to 63%˜99%, which is consistent with that reported by Zhang et al. (2019). In
contrast, at a level of 20x sequencing depth, the gene recovery rate of the two snake species improved to
42%˜59%, but only less than 35% DNA sites were recovered because most of the recovered genes were not
complete (Fig. 3). These results suggest that extracting phylogenomic data from low-coverage WGS data
in large genome species is much more difficult than in small genome species.
cDNA sequencing and reference ORF and UTR sets
After data quality control, we obtained a total of 45 million clean 150-bp paired-end reads (˜ 6.8 G data)
from cDNA sequencing. We assembled these reads using TRINITY and obtained a total of 31,841 cDNA
sequences. After filtering by redundancy, sequencing depth ([?] 5x), and length ([?] 200 bp), a total of 26,409
cDNA sequences were retained. Among these sequences, 14,785 contained ORFs with a length greater than
300 bp. Of the protein sequences of these predicted ORFs, 8,429 have orthologous human proteins. Among
these 8,429 cDNA sequences, 4000 (47.6%) have both 5’ and 3’ untranslated regions (UTRs), 3909 (46.3%)
contain 3’ UTR, 273 (3.2%) contain 5’ UTR and 247 (2.9%) only contain coding sequences. From these 8,429
cDNA sequences, we extracted a total number of 8,429 ORFs and 10,665 UTRs (3391 of 5’ UTR and 7274 of
3’ UTR) as reference sets. The length of reference ORFs ranged from 300 bp to 14,325 bp, with an average
length of 1,225 bp; the length of the reference UTRs ranged from 100 bp to 7,694 bp, with an average length
of 716 bp. The total length of reference ORFs and UTRs are ˜10,300 K and ˜7,600 K, respectively.
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FLc-Capture sequencing results
For the 24 colubrid snake and 12 outgroup snake samples, we obtained a total of 2,577 million quality-filtered
150-bp paired-end reads (˜387 G data) using the FLc-Capture sequencing, ˜10.7 G data per sample (range:
5.5 G - 20.3 G). The numbers of assembled contigs for different samples ranged from 158,424 to 872,008.
These contigs were searched against the reference ORF and UTR sets to generate orthologous ORF and
UTR sequences for each sample (see Methods). On average, for the 8,429 ORF and 10,665 UTR targets, we
could obtain about 6,000 ORF and 5,900 UTR sequences from the ingroup species, and about 5,000 ORF
and 4,600 UTR sequences from the outgroup species that are more distantly related to the probe species
(Table 2). When the recovery rate is calculated by genes, the recovery rates of ORF (67%) are generally
higher than those of UTR (51%) (Fig. 4a). However, when the recovery rate is calculated by nucleotides,
the recovery rates of UTR (44%) are, on the contrary, higher than those of ORF (32%) (Fig. 4b), indicating
that the recovered sequences of UTRs are more integrated than those of ORFs across reference sequences.
We explored capture specificity, the percentage of reads that can be aligned to target sequences (on-target)
across all samples in our experiment (Table 2). The average on-target value of UTRs of all samples (23%) is
higher than that of ORFs (12%) (Table 2), indicating that UTR sequences are more easily captured, possibly
because they were physically continuous in genomes. However, the fluctuation of the on-target value of UTRs
among samples (square deviation = 6.19, n = 36) is higher than that of ORFs (square deviation = 3.44, n =
36), suggesting that the capture efficiency of UTR sequences may be more sensitive to genetic distance. We
found that the capture specificity of both ORF and UTR from a sample is negatively related to its genetic
distance to the probe species, and the regression slope of UTR (coefficient = -204.39) is much smaller than
that of ORF (coefficient = -64.04) (Fig. 5a). These results showed that the capture specificity of UTR
decreases more rapidly than that of ORF with the increase of genetic distance from the probe species, in
line with that noncoding sequences (UTR) evolve more rapidly than coding sequences (ORF).
In our experiment, we did not perform normalization treatment for our full-length cDNA probes to reduce
the abundance of highly expressed transcripts. We thus want to know whether our capture experiment will
dominate by those highly abundant cDNA probes. We found that, to some extent, the mean capture depth
of each target does appear to relate to the abundance of its probe (Fig. 5b). However, the relationship
between the capture depth of one target and the abundance of its probe is not absolute because there are
also many ORF and UTR sequences with high capture depth (> 1000) while their corresponding probes are
not abundant (< 100) (Fig. 5b). These results indicated that unnormalized cDNA probes do not significantly
affect the ability of our method to sequence capture those target sequences corresponding to low-expressed
transcripts.
Detailed statistics of the sequencing, contig assembly, gene recovery, nucleotide recovery, and capture specificity for each sample are summarized in Table 2. On the whole, the FLc-Capture method can simultaneously
obtain thousands of coding and noncoding sequences from both the ingroup and outgroup samples, which
indicates that our experimental design using homemade full-length cDNA probes to capture both of genomic
coding and noncoding regions is successful.
The ORF and UTR data sets and the Colubridae phylogeny
From the FLc-Capture sequencing data, we extracted a total of 1,075 ORFs and 1,948 UTRs that have
passed our filtering criteria (mean sequencing depth > 5 and containing at least seventeen taxa) and can be
used for phylogenetic analysis. A summary of data characteristics for ORFs and UTRs, including length,
taxa occupancy, GC content (the average GC content at the third codon position for each ORF and average
full GC content for each UTR), percentage of missing data, is given in Appendix S4. The lengths of ORF
alignments range from 168 to 9,063 bp (average = 760 bp) and the lengths of UTR alignments range from
107 to 3,011 bp (average = 572 bp) (Fig. 6a). In general, the UTRs have lower mean GC content and lower
GC content variation (among genes and among species) than the ORFs (Fig. 6b). The UTR alignments
have a higher pairwise distance than the ORF alignments, consistent with the expectation that noncoding
sequences evolve more rapidly than coding sequences (Fig. 6c). Multidimensional scaling plots of the RF-
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distance among genes (Fig. 6d) indicated that the ORF gene trees were more similar to each other compared
with the UTR gene trees, but phylogenetic signals among ORFs or UTRs are overall rather congruent.
The concatenated supermatrix of ORFs is 817,164 bp in length and 72.8% complete by characters, while
the concatenated supermatrix of UTRs is 1,114,278 bp in length and 78.2% complete by characters. The
ML trees inferred from the ORF and UTR data sets are identical and well resolved, with at least 85% of
nodes having > 95% bootstrap (BS) support (Fig. 7). The backbone phylogeny among the snake families
sampled in this study is congruent with that reported by many previous studies (e.g., Pyron et al., 2014;
Zheng & Wiens 2015). Within the family Colubridae, we recognized three major clades: (A) Dipsadinae
+ Pseudoxenodontinae, (B) Natricinae, and (C) Sibynophiinae + (Calamariinae + (Ahaetuliinae+ Colubrinae)). These three clades were repeatedly found in previous studies, but the relationship among them was
not well-supported and different in those studies (Burbrink et al., 2020; Li et al., 2020; Pyron et al., 2014;
Wiens et al., 2012). For example, Wiens et al. (2012) used 44 nuclear genes but did not resolve the relationships among these three clades. Both Pyron et al. (2014) and Burbrink et al. (2020) used hundreds of
AHE loci and resolved the relationship as (C,(A,B)) (former: weakly supported; BS = 65%, later: posterior
probabilities = 0.88). Li et al. (2020) used 96 mitochondrial and nuclear genes but found the relationship
is (A,(B,C)) (weakly supported; BS = 46%). Different from the previous results, both our ORF and UTR
data sets favored a relationship of (B,(A,C)), and this result is strongly supported by the ORF data set
(BS=100%; Fig. 7).
Our phylogenomic analysis provided a highly resolved phylogeny for colubrid snakes, for the first time, based
on extensive sampling of both genes and species. Thanks to the characteristics of the FLc-Capture method,
we were able to simultaneously collect genome-scale coding and noncoding data to study the phylogeny of
Colubridae. Although some nodes of our resulting phylogeny were not conclusively supported in all analyses,
they received high support (ML bootstrap > 85%) from at least one type of data set, which shows the benefit
of simultaneously using both coding and noncoding data sets for studying difficult phylogenetic questions.
Discussion
The originality of the FLc-Capture method
The first distinctive originality of the FLc-Capture method is to use the SMART technology, which is widely
adopted in cDNA cloning researches, to synthesize cDNA probes. The SMART technology guarantees that
each of the synthesized cDNA is in full-length, consisting of open reading frames (ORF) and untranslated
regions (5’ UTR and 3’ UTR). This unique feature allows researchers to enrich coding and noncoding
sequences from genomes simultaneously. In our demonstrating snake case, the final lengths of ORF and
UTR datasets are 817 K and 1,114 K, respectively, relatively close, indicating that FLc-Capture can enrich
both coding and noncoding sequences with similar efficiency.
Because cDNA sequences are discontinuous in genomes (interrupted by introns), the direct use of fulllength cDNA probes to capture ORF and UTR regions from DNA libraries makes data post-processing more
challenging. Therefore, another originality of FLc-Capture is its unique data processing strategy. Considering
ORF sequences are fractured in genomes, and UTR sequences are usually continuous in genomes, FLcCapture adopts two different ways to extract ORF and UTR sequences from capture data, respectively. For
ORF, FLc-Capture first assembled reads to contigs, identified exons from contigs, and then mapped identified
exons onto the reference coding sequences. Our study demonstrated that this ”exon mapping” strategy could
extract coding sequences from genetically distant samples (˜15% divergence in our study) without the need for
highly similar reference sequences. For UTR, because they are most likely within a single assembled contig,
FLc-Capture directly adopts a mutual best-hit (MBH) strategy to identify orthologous UTR sequences to
the reference UTRs. Our case study showed that these two specially designed bioinformatics pipelines are
effective, able to extract thousands of ORF and UTR sequences from both ingroup species and more distantly
related outgroup species.
The merits of the FLc-Capture method
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The first advantage of the FLc-Capture method is that it saves both cost and time compared to commercially
synthesized probe sets. Previous transcriptome-based capture studies normally used transcriptome data to
design capture probes and ordered those probe sets from commercial companies (e.g., Bi et al., 2012; Bragg et
al., 2016; Portik et al., 2016; Quek et al., 2020). The whole process to synthesize a custom probe kit typically
takes several weeks and cost $2,400-$5,000, depending on the supplier (Penalba et al., 2014). Although these
commercial probes can be diluted for applying to more samples, the cost of using commercial probes would
still be high when a research project has hundreds of samples or more, probably reaching several tens of
thousands of dollars. In contrast, the primary initial investment for our method was the SMARTer PCR
cDNA synthesis reagent (Clontech Inc.), which costs ˜$80 per reaction. Including the extraction of RNA, the
probe preparation can be done within three days. In our lab, one SMARTer PCR cDNA synthesis reaction
can produce up to 100 μg of full-length cDNA probes when input RNA is 1 μg. Such amount of cDNA
probes is enough to handle at least 2,000 samples.
FLc-Capture has the merit of transcriptome sequencing while largely avoiding its shortcomings. Compared
to transcriptome sequencing, FLc-Capture can produce transcriptome-level data (thousands of ORF and
UTR sequences) with only DNA samples. Researchers just need to collect one common species of their
taxonomic group of interest for RNA extraction, prepare biotinylated full-length cDNA probes from RNA,
and then use these probes to capture target regions from their DNA libraries. Except for the probe species
used for RNA extraction, FLc-Capture has no strict requirements on the DNA quality of other samples,
so highly degraded DNA extracted from old museum specimens can also be analyzed, which can greatly
increase the sampling number of taxa in a phylogenomic study.
In addition, FLc-Capture uses cDNA sequencing to provide reference sequences. This feature enables researchers to efficiently capture thousands of coding and noncoding sequences without knowing any genome
knowledge of the taxa been investigated, especially suitable for nonmodel organisms. Unlike low-coverage
WGS sequencing, which is more suitable for extracting phylogenomic data from small genome species (Fig.
3), FLc-Capture can efficiently collect coding and noncoding phylogenomic data not only from small genome
species but also large genome species. These two features make the FLc-Capture method highly versatile
and applicable for any organism groups.
Comparison with the EecSeq method
In general, our method has some similarity to the expressed exome capture sequencing (EecSeq) recently
presented by Puritz and Lotterhos (2017), because our FLc-Capture method and EecSeq both prepare
homemade cDNA probes from expressed mRNAs and use them to capture target sequences from genomic
libraries. However, FLc-Capture also has two apparent differences to EecSeq. First, these two methods have
a different focus on capturing genomic targets, so that the requirement of the cDNA probes are different.
EecSeq only focuses on capturing coding sequences, so using fragmented cDNA probes is sufficient because
fragmented cDNAs can essentially cover most coding regions. While FLc-Capture aims to capture both
coding and noncoding sequences, so using the SMART technology to synthesize full-length cDNAs is critical
because the full-length cDNA contains not only ORF (coding), but also UTR (noncoding) regions. Second,
the application scenarios of these two methods are different. EecSeq generates genome-wide exome-derived
SNP data, which is more suitable for identifying loci under selection at the population level to understand
the genetic basis of adaptation. While FLc-Capture generates genome-scale sequence data, which is better
suited to infer the evolutionary relationships for organisms across multiple phylogenetic scales. The unique
feature of simultaneously collecting coding and noncoding sequences makes FLc-Capture advantageous in
studying difficult phylogenetic questions (e.g., rapid radiation).
Application suggestions of the FLt-Capture method
In our FLc-Capture experiment, we did not perform cDNA normalization to decrease the abundance of
highly expressed transcripts, so the cDNA probe pools skew towards highly expressed genes. However, our
FLc-Capture result showed that the capture depth of the obtained ORF and UTR sequences is not all
related to the abundance of their cDNA probe (Fig. 5b); using unnormalized cDNA probes is still able
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to capture thousands of coding and noncoding loci. To obtain more uniform capture coverage across high
and low-expressed transcripts, Puritz and Lotterhos (2017) used duplex-specific nuclease (DSN) treatment
to prepare normalized cDNA probes for exome capture. They found that RNA sequencing coverage and
exome sequencing coverage was still highly correlated (capture coverage will be higher for highly expressed
genes) even using normalized cDNA probes. Therefore, it seems that the cDNA normalization is not an
indispensable step. For projects focused on obtaining more phylogenetically informative loci for phylogenomic
analysis, increasing the diversity of cDNA probes may be more effective than cDNA normalization. In such
scenarios, we suggest to pool mRNAs extracted from multiple tissue types to create a high-diversity probe
pool rather than using only liver mRNA as in our demonstration case.
Despite the demonstrated effectiveness of FLc-Capture from our snake case, one note should be considered
before employing the method. Because the efficiency of sequence capture decreases with increased genetic
distance between the probes and the targets, FLc-Capture might be less effective in large and highly divergent
organism groups such as insects and other arthropods. In our demonstrating snake case, the maximal
sequence difference between our probe species and outgroup species is about 15%, and we finally recovered
65% of the target ORF loci and 35% of the target UTR loci from these outgroup species, respectively. This
threshold value (15% genetic difference) can be used as a starting point for other researchers to determine the
phylogenetic depth of their FLc-Capture experiments. It has been shown that using DNA mixtures pooled
from different representative species to prepare homemade probes is an effective strategy for sequence capture
across large phylogenetic scales (Zhang et al., 2019). Therefore, if an investigator wants to apply the FLcCapture method to a highly divergent organism group, it is possible to use several probe species that cover
the entire phylogenetic span, mix their mRNAs to prepare a full-length cDNA probes, which can reduce
the sequence divergence between probe and target. Of course, in such circumstances, the reference ORF
and UTR sets should also be separated by different probe species, and the bioinformatics pipeline should be
adjusted accordingly. This mixing strategy may allow for applying FLc-Capture across large phylogenetic
scales but needs to be tested in the future.
Conclusion
In this study, we demonstrated that the FLc-Capture method could efficiently capture and enrich a large
number of coding and noncoding loci for nonmodel organisms without any prior genome information. The
direct use of homemade full-length cDNA probes in FLc-Capture can skip the expensive commercial probe
design and synthesis, significantly reducing experimental cost. FLc-Capture can generate transcriptome-level
data just based on DNA samples, which facilitates including more number of taxa in a phylogenomic study.
In summary, FLc-Capture holds substantial promise in phylogenomic researches as a universally applicable
and cost-effective sequence capture method of simultaneously collecting genome-level coding and noncoding
orthologous loci for any organism.
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Appendix S1. Primers used in the cDNA probe preparation of FLc-Capture.
Appendix S2. WGS data resource of the four insect species.
Appendix S3. Statistics of genome assembly and loci extracted from 1×, 5×, 10× and 20× whole-genome
sequencing data for four insect and two snake species.
Appendix S4. A summary of data characteristics for ORFs and UTRs, including length, taxa occupancy,
GC content, percentage of missing data.
Figure Legends
Figure 1.Schematic overview of the FLc-Capture sequencing method. a) Prepare shotgun genomic DNA
library. b) Prepare full-length cDNA probes from high-quality RNA using SMARTer PCR cDNA Synthesis
Kit (Clontech Inc.). The full-length cDNA probes contain both UTR and ORF regions. c) Hybridize the
probes to the shotgun genomic library. Both coding and noncoding loci bind to the cDNA probes.
Figure 2.Details of the FLc-Capture data processing. a) Creating reference ORF and UTR sets by sequencing the cDNA probes. b) Extracting ORF (coding) sequences. First, FLc-Capture assembled reads
into contigs, and identified exons from contigs using EXONERATE based on the reference ORF sets. The
identified exons are then mapped onto the reference ORF sequences to make the orthologous ORF sequences,
based on the position information resulted from the EXONERATE searches. c) Extracting UTR (noncoding)
sequences. Based on the reference UTRs, FLc-Capture uses a mutual best-hit (MBH) strategy to identify
orthologous UTR sequences and truncate sequences according to its optimal aligning region.
Figure 3. The results of extracting phylogenetic loci from 1x, 5x, 10x and 20x whole-genome sequencing
data for four insect and two snake species. For each species, at each sequencing depth, the left bar depicts
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the recovery rate of genes classified as complete (blue) and fragmented (yellow); the right gray bar depicts
the recovery rate of DNA sites. The genome size of each species is shown under the species name.
Figure 4.The results of extracting UTR and ORF sequences from the FLc-Capture data for the ingroup
Colubridae species and the outgroup species. Bars show a) gene recovery rates b) nucleotide recovery rates.
Figure 5. a) Plots of linear regressions of capture specificity (on-target) across all samples in FLc-Capture
experiments (blue = ORF, red = UTR), using the average pairwise distance from probe species as the
independent variable. b) Relationship between the mean capture depth of each target and the abundance of
its corresponding probe (blue = ORF, red = UTR).
Figure 6.Characteristics of the ORF and UTR data sets (blue = ORF, red = UTR). Boxplots show a)
distribution of locus length (bp), b) distribution of GC content (among genes and among species), and
c) distribution of evolutionary rates of loci (measured by the mean pairwise distance of each locus). d)
Visualization of ML tree space using multidimensional scaling plot of 1,075 ORF gene trees (left) and 1,948
UTR gene trees (right); each dot represents a tree inferred from one gene. Distances between dots represent
Robinson–Foulds distances between gene trees.
Figure 7. Phylogenetic relationships among the 25 Colubridae species (including the probe species Ptyas
korros ) and 12 outgroup species inferred from the ORF (1,075 ORFs; ˜817 K) and UTR (1,948 UTRs
˜1,114 K) data sets. The trees are inferred with RAxML, and the two data sets produce identical phylogeny.
Branch support values are indicated beside nodes in order of ORF ML bootstrap and UTR ML bootstrap
from left to right. The filled circles represent ML bootstrap support [?] 95% (both ORF and UTR). The
three hotly debated nodes (A, B and C) within the Colubridae family are indicated by filled circles with
letters. The bars right to the species name represents the integrity of the data set for each species (calculated
by loci).
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