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Abstract

Accurate identification of plants remains a significant challenge for taxonomists and is
the basis for plant diversity conservation. Although DNA barcoding methods are com-
monly used for plant identification, these are limited by the low amplification success
and low discriminative power of selected genomic regions. In this study, we developed
a k-mer-based approach, the DNA signature sequence (DSS), to accurately identify
plant taxon-specific markers, especially at the species level. DSS is a constant-length
nucleotide sequence capable of identifying a taxon and distinguishing it from other
taxa. In this study, we performed the first large-scale study of DSS markers in plants.
DSS candidates of 3899 angiosperm plant species were calculated based on a chloro-
plast data set with 4356 assemblies. Using Sanger sequencing of PCR amplicons and
high-throughput sequencing, DSSs were validated in four and 165 species, respec-
tively. Based on this, the universality of the DSSs was over 79.38%. Several indicators
influencing DSS marker identification and detection have also been evaluated, and

common criteria for DSS application in plant identification have been proposed.
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1 | INTRODUCTION

Vascular plants include more than 300,000 known species, playing
an irreplaceable role in terrestrial ecosystems and offering benefits,
such as food, fuel, and medcine (Chase et al., 2016; Christenhusz
& Byng, 2016; Ebert & Engels, 2020). The need for sustainable de-
velopment and plant biodiversity conservation has prompted in-
ternational initiatives aimed at developing accurate plant species
identification methods. Several methods have been proposed over
the past years based on genetic information (CBOL Plant Working
Group, 2009; Padial et al., 2010), pollen (Martin & Harvey, 2017),
chemistry profiles (Senizza et al., 2019), and using artificial intelli-
gence techniques (Wildchen et al., 2018). However, the accurate
identification of plant species remains a significant challenge be-
cause of the tremendous diversity of plants.

Among the existing methods, DNA-based methods have become
increasingly popular, and various molecular markers have been de-
veloped. Generally, these DNA markers can be classified into two
types: taxon-specific and DNA barcode markers. Taxon-specific
markers, such as derived cleaved amplified polymorphic sequences
(dCAPS) and sequence characterized amplified regions (SCAR),
were applied based on the presence-absence variance (PAV) of
the marker. In contrast to taxon-specific markers, DNA barcodes
use universal primers instead of taxon-specific primers to amplify
fragments and identify species based on nucleotide dissimilarity
(Hebert et al., 2003). Since the launch of the Barcode of Life Data
System (BOLD), DNA barcoding has become a globally accepted
method for taxonomists, ecologists, and conservation biologists
(Ratnasingham & Hebert, 2007). Two chloroplast DNA barcodes
(rbcL +matK) have been recommended as core plant barcodes (CBOL
Plant Working Group, 2009) and the internal transcribed spacer (ITS)
and ITS2 with higher discriminatory power have subsequently been
proposed as complementary markers (Li et al., 2011). The universal
primers of DNA barcodes also enable the combination of DNA bar-
coding and high-throughput sequencing (HTS), which can identify
species from mixtures containing multiple taxa (Pifol et al., 2019;
Taberlet et al., 2012). Nonetheless, introgression induced by gene
flow (Zhang et al., 2018), incomplete lineage sorting due to retention
of ancestral polymorphisms (Goetze et al., 2017), adaptive radiation
triggered by natural selection (Guo et al., 2020), and numerous other
ongoing processes are common in plant evolution, consequently
making DNA barcoding incapable of clustering conspecifics with
clear discontinuities from other species (Hollingsworth et al., 2016),
and therefore, unable to provide well-defined species boundaries
such as taxon-specific markers.

Taxon-specific k-mers, also referred to as DNA signature se-
quences (DSS), are nucleotide sequences with constant length for
identifying species by PAV and are promising for plant species iden-
tification. Originally, DSSs were used for microbial identification (Tu
et al.,, 2013, 2014) and have become emerging molecular markers
for plant identification because of the overwhelming accumulation
of chloroplast genomes (Raime et al., 2020; Raime & Remm, 2018).
Nevertheless, whether DSS markers can be used over a wide

taxonomic range, that is, its universality, remains poorly explored.
HTS technologies make it feasible and desirable to identify DSS
markers from several publicly available chloroplast genomes. The
purpose of this study was to conduct large-scale data analysis to
identify DSS markers from chloroplasts, confirm their universality
and discriminatory power, and compare them with existing methods.

2 | MATERIALS AND METHODS

2.1 | Collection of plant chloroplast genomes

A total of 4356 chloroplast assemblies covering 3899 species (216
families, 1512 genera) were used in this study. Of these, 3623 as-
semblies covering 3535 species were obtained from NCBI Organelle
Genome Resources (https://www.ncbi.nlm.nih.gov/genome/organ
elle/), 16 assemblies covering 16 species were downloaded from the
Genome Warehouse (GWH) at the National Genomics Data Center
(Chen et al., 2021; CNCB-NGDC Members and Partners, 2022), and
717 assemblies covering 434 species were sequenced and assem-
bled in our study and then deposited in GWH. All data from the pub-
lic databases were accessed on 30 June 2020. To minimize potential
errors caused by plant name synonyms, the species name of each
assembly collected from the public database was curated in accord-
ance with The Catalogue of Life Checklist 2021 (Banki et al., 2021).
The full list of accession numbers for the plastid genome sequences

analysed in this study is summarized in Table S1.

2.2 | Aninsilico pipeline for DSS candidate
identification

We have developed an in silico pipeline called IdenDSS for DSS
(https://github.com/Hua-CM/IdenDSS).
IdenDSS requires two categories of species as input: the target spe-

candidate identification
cies whose DSSs need to be identified and the background species
from which the target species should be distinguished. In brief, four
steps were followed for identifying DSS candidates. The first step
was to generate all possible k-mers from one of the target species’
chloroplast assemblies using the sliding window method by setting a
fixed-length (default 40bp) sliding window with a 1-bp step. Second,
after deredundancy, the nonredundant k-mers were blasted against
other assemblies of the target species to identify k-mers conserved
in the target species. These conserved non-redundant k-mers were
then blasted against the chloroplast assemblies of the background
species. Lastly, k-mers present in the background species assemblies
were removed, and the rest were considered as DSS candidates.

2.3 | Validating DSS using HTS data sets

The DSSs were validated according to a previously published pro-
cedure with minor modifications (Raime et al., 2020). For a specific
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species, HTS data sets used for DSS validation were categorized
into two types: conspecific data sets, containing whole-genome se-
quencing (WGS) reads from conspecific samples, and background
data sets, containing WGS reads from other species. The background
data set is further divided into two types: the common data set: an
HTS data set containing WGS reads from 12 common fruits, vegeta-
bles, and crops; and the congeneric data set: an HTS data set con-
taining WGS reads from congeneric species. The common data set
was downloaded from the SRA (detailed in Table S2), whereas other
data sets were generated in this study according to the methods
described in Library Construction and high-throughout sequencing
and deposited in the GSA (Wang et al., 2017) at the NGDC (CNCB-
NGDC Members and Partners, 2022) under the accession number
CRAO004065 (detailed in Table S3). Only DSS candidates of 165 spe-
cies were validated because the tested species must have a conspe-
cific data set and a congeneric data set, but most of the 3899 species
did not have the corresponding WGS data set. FastK software was
used (Myers, 2020) to determine whether DSS candidates appeared
in the HTS data sets. To exclude questionable or incorrect DSS due
to sequencing errors, a “detectable” k-mer was identified if it could
be detected at least twice. If a DSS candidate could only be detected
in a conspecific data set but not in the background data set, the DSS
candidate was considered as a DSS. For each species, the precision
of the DSS candidate was calculated using the following equation:

No. of DSSs

Precision = No. of DSS candidates

We created random subsets with different numbers of sequenced nu-
cleotides (10%, 107, 108, 10%, and 5x 10°) from the original FASTQ files
and validated the DSS using each subset.

2.4 | Evaluating the sampling number of DSS
candidates for achieving a DSS

DSS candidates and DSSs validated in 165 species were used to eval-
uate the sampling number of DSS candidates required to achieve a
DSS. Specifically, a set of species (i.e., 10, 20, 30, 40, 50, 60, 70,
80, and 90) were sampled from the 165 species. For each species,
different numbers of DSS candidates (i.e., 1, 2, 3, 4, 5, 10, 20, 30,
40, 50, 60, 70, 80, 90, and 100) from different combined DSS can-
didates were sampled. The proportion of species that possessed at
least one DSS among the sampled species was recorded. We per-
formed a bootstrap internal validation procedure with 1000 boot-

strap resamples.
2.5 | Validating DSS using PCR amplification and
sanger sequencing

Two case studies were conducted to investigate the applicability of

validating DSS using polymerase chain reaction (PCR) amplification
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and Sanger sequencing. The first case study was conducted on Panax
ginseng and P. quinquefolius as these were the predominant and valu-
able Panax species. The global ginseng market is worth more than
US$ 2 billion (Baeg & So, 2013). Although multiple DNA markers
for Panax have been reported (Ji et al., 2019; Nguyen et al., 2017),
identification methods using multilocus DNA barcode markers or
super DNA barcodes based on complete chloroplast genomes are
neither convenient nor economical. The second case study involved
Atractylodes japonica, A. macrocephala, and A. lancea. A. lancea has a
long history of use as an important herb in eastern Asia. However,
several congeneric species, such as A. japonica and A. macrocephala,
are frequently found as adulterants in A. lancea rhizomes, either de-
liberately or unintentionally. Currently, there is no established mo-
lecular marker for the identification of A. lancea.

Plant DNA was extracted using the DNeasy Plant Mini Kit
(Qiagen Co. Ltd.). The selected DSSs and corresponding primer de-
tails used in the case studies are presented in Table S4. All primers
were designed using Primer3 (Untergasser et al., 2012). Briefly, the
25-pl PCR system contained 12.5 pl 2x Tag Master Mix, 1.0 pl PCR
forward primer (10 pM), 1.0 ul PCR reverse primer (10 pM), 1.0 pl
cDNA, and 9.5 ul dH,0. PCR amplification was conducted on a Veriti
96 PCR system (Applied Biosystems) under the following conditions:
initial denaturation at 95°C for 10 min; 35 cycles of amplification at
94°C for 15s, 55°C for 10 s, and 72°C for 30s; and a final exten-
sion at 72°C for 5 min. PCR products were evaluated using 1.5%
agarose gel electrophoresis. Positive PCR products were purified
using a PCR Products Purification Kit (Spin-column) (TransGen) and
bidirectionally sequenced using PCR-derived primers. The dideoxy
chain termination method was performed at the Beijing Genomics
Institute, China.

2.6 | Library construction and high-
throughput sequencing

DNA was extracted as described in the previous section. In all HTS
experiments performed in our study, sequencing libraries were gen-
erated using the NEB Next Ultra DNA Library Prep Kit for Illumina
(NEB) following the manufacturer's recommendations, and library
quality was assessed on the Agilent Bioanalyser 2100 system
(Agilent Technologies). The 150-bp paired-end reads were gener-
ated on an lllumina Hiseq 4000 platform (Illumina Inc.).

2.7 | Identification of DNA barcode sequences

The barcode regions and corresponding primers used in this study
are listed in Table S5. To identify the target barcodes for each as-
sembly, BLAST (version 2.9.0+) was applied with the following pa-
rameters: -task blastn-short -evalue 10. The sequences between the
primer target sequences in the assembly were considered as bar-

code sequences.
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2.8 | Evaluation of DNA barcodes' universality and
discriminating power

First, all available angiosperm sequences of the barcodes (as of 11
November 2020) were downloaded from the NCBI nucleotide data-
base using query expressions detailed in Table Sé. For example, the
following query expression was used for rbcL: “((rbcL [Title]) AND
Magnoliopsida [Organism]) AND 200:4000 [Sequence Length]”.
Second, the obtained records were filtered to remove sequences
whose origin plants were not in the chloroplast data set. Third, the
filtered sequences were used as query sequences, and the BLAST+
program (version 2.9.0+) was applied to query the reference data-
base for each sequence with an E-value of less than 1x107°. The
evaluation was only carried out in the barcode region, with records
from more than 100 species. Identification was considered success-
ful if the query sequence had the closest match with a conspecific
individual in the reference database. The bootstrap method was ap-
plied to calculate bias-corrected 95% confidence intervals with 1000

bootstrap replicates.

3 | RESULTS

3.1 | Identification of DSS candidates in 3899
angiosperms

The process of identifying DSSs is divided into two parts: identify-
ing DSS candidates and validating the DSSs from these candidates
(Figure 1). We do this because, while the bioinformatic pipeline
for identifying DSS candidates in silico could be standardized, re-
searchers may weigh and consider a variety of factors when select-
ing appropriate techniques for validating DSSs, such as economics
and technical difficulty. Nonetheless, an important prerequisite to
obtaining the DSSs of a specific species is obtaining an adequate
number of DSS candidates.

We first introduced a pipeline called IdenDSS for identifying
DSS candidates, which overcomes two major issues in the previous
method (Raime et al., 2020). (1) Every time the target or background
species are altered, the database must be recreated, requiring the
creation of 3899 databases to identify DSS candidates for 3899 spe-
cies; and (2) the maximum length of k-mer was restricted to 32bp in
the previous method (Kaplinski et al., 2015).

Using the IdenDSS pipeline, we assessed and optimized four
factors that may affect the identification of DSS candidates (DSS
length, assembly numbers, background species number, and related
species). At 20-, 30-, 40-, 50-, and 60-bp k-mer length, the num-
bers of species without DSS candidates were 130, 106, 91, 89, and
95, respectively (Figure 2a, Table S7). Based on the above results,
a shorter k-mer length tends to yield more species without DSSs.
We noticed that there were 83 species with no DSS candidates
for all five k-mer lengths (Table S7). Of the 83, 62 had multiple as-
semblies. The proportion of species with multiple assemblies was
greater than the proportion of species with multiple assemblies in
the entire data set (Fisher's test, p<.01). We also found that for all

five testing lengths, species with only one assembly presented more
DSS candidates than species with multiple assemblies (Figure 2b,
Table S8). This result suggests that assembly number has a substan-
tial impact on the identification of DSS candidates. For 369 species
with multiple assemblies, our results showed that when the k-mer
length was 40bp, the number of species with DSS candidates was
the highest, and the proportion of species with DSS candidates
was 82.38% (Figure 2c). We also used these 369 species to inves-
tigate whether the number of DSS candidates decreased with in-
creasing numbers of background species. Our results showed that
the number of DSS candidates remained stable when the number
of background species was >1000 (Table S9). As molecular markers
for closely related species are known to be limited, we further used
congeneric species to evaluate their effect on the identification of
DSS candidates. Aside from the species that had no sequenced con-
generic species, the number of congeneric species had no signifi-
cant influence on the distribution of species without DSS candidates
(p>.05, Kolmogorov-Smirnov test, Figure 2d). However, this result
has limitations because the species with sequenced congeneric spe-
cies used in our study represent only a small fraction of plants, and
even among these, closely related species cannot be fully portrayed
by congeneric species because the degree of species differentiation
varies across genera. We will further investigate the influence of
closely related species in future case studies. Based on the afore-
mentioned results, we propose two principles for the identification
of DSS candidates in plants: (1) Species to identify DSS should have
at least two chloroplast assemblies; the more assemblies, the better
the results; and (2) the optimal k-mer length is 40bp.

In addition, we found that DSS candidates could appear succes-
sively. For example, when the k-mer length is set to 40 bp, supposing
that there are three DSS candidates identified from positions 1-40,
2-41, and 3-42, these three DSS candidates form a “combined DSS
candidate”. Thus, we investigated the combined DSSs in the col-
lected genomes (Figure S1-S2) and found that the number of com-
bined DSS candidates was positively correlated with the number of
DSS candidates.

3.2 | DSS validation using PCR and
sanger sequencing

3.21 | Casestudy1

Because our data set comprised only one P. ginseng assembly and
one P. quinquefolius assembly, we added an extra P. ginseng assem-
bly (accession number: KM067390.1) and a P. quinquefolius assem-
bly (accession number: KT028714) in this case study based on the
principles proposed above for identifying DSS candidates. A total
of 1681 and 2041 DSS candidates (from 64 and 69 combined DSS
candidates, respectively) were identified in P. ginseng and P. quinque-
folius, respectively. Taking efficiency and cost into account, five
P. ginseng and five P. quinquefolius DSSs were randomly selected
and tested. We found that all five P. ginseng DSS candidates and
four of the five P. quinquefolius DSS candidates were successfully
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FIGURE 1 Workflow for identifying DNA signature sequence (DSS) in the present study. First, the chloroplast database containing
4356 assemblies from 3899 species is established. Next, an in silico pipeline is applied to identify the DSS candidates of each species.
For each species, all possible k-mers from one of target species chloroplast assemblies were generated at a fixed k-mer length. Then, the
nonredundant k-mers were blasted against other assemblies in the chloroplast database. The k-mers mapped to all assemblies of target
species were recorded as Set1. The k-mers unmapped to background species (i.e., the other 3898 species in the present study) were
recorded as Set2. The k-mers appearing in both Setl and Set2 are considered as DSS candidates. After identifying DSS candidates of

all 3899 species, a DSS candidate database is created using all achieved DSS candidates. Then, polymerase chain reaction (PCR)-sanger
sequencing and HTS are used to validate the DSSs of four species and 165 species, respectively, using 40bp DSS candidates in the
constructed database.
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distinguished from each other (Figure 3a), indicating that these DSS
candidates were DSSs.

3.2.2 | Casestudy 2

Five A. lancea DSS candidates and five A. macrocephala DSS can-
didates were randomly selected from the 646 and 1327 DSS can-
didates identified in this study (from 30 and 53 combined DSS
candidates, respectively). The results (Figure 3b) showed that two of
the five A. macrocephala DSS candidates could distinguish A. macro-
cephala from the other two species. In contrast to A. macrocephala,
none of the five A. lancea DSS candidates could distinguish A. lancea
from A. japonica. These results indicate that two A. macrocephala DSS
candidates, but none of the A. lancea DSS candidates, were DSSs.

# Congeneric species

We hypothesize that none of the selected A. lancea DSS candi-
dates could separate A. lancea from A. japonica due to a bias induced
by the lack of background species because A. japonica chloroplasts
were not included in our 3899-species data set. To validate this hy-
pothesis, one sample of A. japonica was collected and sequenced,
and its chloroplast sequence (accession no. GWHAZVW01000000)
was added to the background data set, based on which A. lancea DSS
candidates were reidentified. Only one DSS candidate was identified
(Figure 3c) and further validated as a DSS.

3.3 | HTS-based DSS validation

Large-scale validation of DSS candidates was performed using
WGS data generated from HTS. According to the principles
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FIGURE 3 The validation of DNA signature sequences (DSSs) using polymerase chain reaction (PCR) and sanger sequencing. (a) the PAV
of P. ginseng and P. quinquefolius DSS candidates in panax samples. PG1-PG6 are six P. ginseng samples, PQ1-PQé are six P. quinquefolius
samples. PGDSS1-PGDSSS5 are five P. ginseng DSS candidates, PQDSS1-PQDSS5 are five P. quinquefolius DSS candidates. (b) the PAV

of A. lancea and A. macrocephala DSS candidates in Atractylodes samples. AJ1-AJ4, AL1-AL5, and AM1-AMS5 are four A. japonica, five

A. lancea, and five A. macrocephala samples, respectively. ALDSS1-ALDSS5 are five A. lancea DSS candidates, AMDSS1-AMDSSS5 are five
A. macrocephala DSS candidates. (c) the PAV of the A. lancea DSS candidates after adding A. japonica into background species. Missing, the
failure of PCR amplification; absent, the DNA sequence in the amplification product was not identical to the DSS candidate; present, the
DNA sequence in the amplification product was identical to the DSS candidate.

mentioned above, we set the k-mer length at 40bp to identify DSS
candidates, and a DSS candidate was regarded as such if it could
be detected exclusively in the conspecific data set but not in the
background data set. In total, WGS was performed on 165 species
and their DSSs were validated using the HTS method (Tables S3
and S8).

Because the library size influences the detection of k-mer in
HTS, we compared the proportion of DSS validated from DSS
candidates, that is, the precision of DSS candidates, under five
different library sizes to obtain a suitable library size. The higher
the precision of the DSS candidates, the more reliable they are.
Except for six species that do not exhibit any DSS at any sequenc-
ing depth, the highest precision of DSS candidates was achieved in
132 of the 159 species when the library size was 1 Gb or 100 Mb
(Figure 4a, Table S10).

We then investigated the influence of three factors on the pre-
cision of DSS candidates using their precision under 107 sequenced
nucleotides. First, regarding the number of assemblies, we com-
pared the precision of DSS candidates identified from all assem-
blies (Table S10) with those identified from individual assemblies
(Table S11) using 94 species with multiple assemblies in 165 species.
The results demonstrated that the precision of the DSS candidates
based on all assemblies was relatively high (Figure 4b). Second, we
found that the precision of DSS candidates and congeneric species
numbers was weakly correlated (r = 0.262, p<.01; Spearman's test,
Figure 4c). For the third factor, the influence of the number of DSSs
was assessed. Biologically, DSSs from the same combined DSS are

the same markers. Thus, the precision of DSS candidates in the top

and last 20% of species ranked by the number of combined DSS can-
didates, rather than the number of DSSs, were compared. The preci-
sion of the DSS candidates in the last 20% was not lower than that in
the top 20% (Figure 4d). Our results suggest that for a given species,
the number of DSS candidates and closely related species has no ef-
fect on the precision of DSS candidates, but the presence of multi-
ple assemblies did. To increase the precision of the DSS candidates,
we suggest using multiple assemblies to identify DSS candidates for
each species.

Moreover, benefitting from the DSSs of 165 species validated by
the HTS method, we investigated another question: How many DSS
candidates need to be tested to achieve a DSS? Is testing five DSS
candidates sufficient for most species to achieve at least one DSS,
such as P. ginseng? This question is critical if DSSs must be validated
using a low-throughput PCR-based method. To this end, we evalu-
ated the probability of at least one DSS being present under differ-
ent sampling numbers of DSS candidates. Because the precision of
DSS candidates is related to the chloroplast assembly number, we
separately evaluated the sampling number of DSS candidates in 71
species with one assembly and 94 species with multiple assemblies
to eliminate bias. In addition, to remove sampling bias, we sampled
different numbers of species (ranging from 10 to 40), and similar re-
sults proved that there was no species bias (Figure 4e, Figure S2). For
94 species with multiple assemblies, more than 90% of the species
achieved at least one DSS when the number of DSS candidates sam-
pled was over 40 (Figure 4e, Table $12), whereas for species with
one assembly, more than 70 sampling DSS candidates were needed

to achieve the same effect (Figure 4e, Table S$12).
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3.4 | Comparison of DSS-based methods and
DNA barcoding

To compare the discriminatory power and universality of DSSs with
DNA barcoding, we collected 29 DNA barcoding regions from the
chloroplast data set (see Methods), resulting in 103,307 barcode
sequences (Table 1). Consistent with previous studies (CBOL Plant
Working Group, 2009; Li et al., 2011), the discriminatory power of
most chloroplast barcodes at the species level was approximately
66%, with a descending order with the top five barcodes being atpF-
atpH (66.67%), rps16 (66.66%), trnl-trnF (66.50%), matK (62.50%),
and trnH-psbA (60.00%) (Table 1). It is not surprising that DSS, a
species-specific marker, has a lower universality than most DNA bar-
code markers (Figure 5) (the universality of four primary barcodes
were: trnl-trnF [98.23%)], trnH-psbA [98.08%], rbcL [85.66%], matK
[87.46%)).

Furthermore, DNA barcodes for multiple regions of many spe-
cies have been reported for the first time. For example, 3752 rbcL
sequences were obtained from 3340 species in our study, of which
1093 had no prior rbcL records in GenBank. This was also observed
in regions of less concern such as atpl-atpH, ndhJ-trnL, and petL-psbE.

# Sampled DSS candidates

These results also indicated that our identified DNA barcodes from
the existing plastid data set could be a supplementary source of
DNA barcodes.

4 | DISCUSSION

4.1 | The best practice for identifying DSS

We split the process of identifying DSSs into two: identifying DSS
candidates and validating DSSs from these candidates. First, for
identifying DSS candidates, we noticed that DSS candidates of
species with multiple assemblies had higher precision (Figure 4b).
We speculate that this is because some false-positive interspecies
variations can be eliminated by intraspecies variations reflected
in multiple assemblies. This also explains why species with mul-
tiple assemblies are more likely to possess no DSS candidates
than those with only one assembly (Figure 2b). Furthermore,
there should be an optimal k-mer length for identifying DSS can-
didates using multiple assemblies because both intraspecies and
interspecies variations increase with k-mer length simultaneously.
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TABLE 1 The discriminatory power and universality of DNA barcodes

Number of species

Family discrimination
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RESOURCES _ IMAAI DA%

Genus discrimination
success (95% confidence
interval)

Species discrimination success
(95% confidence interval)

31.00%-31.31%
81.82%-82.00%
93.94%-93.94%

19.00%-19.19%
63.00%-63.64%
66.67%-66.67%

Number of  (without prior success (95%
Barcode sequences records) confidence interval)
accD 3679 3254 (2962) 47.96%-48.00%
atpB 1317 1186 (950) 87.88%-88.00%
atpF-atpH 4327 3825 (3557) 99.00%-100.00%
atpl-atpH 4412 3797 (3769) -
matK 3408 3022 (908) 96.00%-96.97%
ndhF-rpl32 1302 1160 (1133) -
ndhJ 2388 2075 (1997) B
ndhJ-trnL 4193 3741 (3740) -
petL-psbE 4298 3832 (3820) -
psal-accD 3526 3121 (3092) -
psbB-psbH 2367 2091 (2025) -
psbD-trnT 3645 3211 (3192) -
psbJ-petA 3937 3546 (3496) -
psbK-psbl 4199 3743 (3671) -
rbcl 3752 3340(1093) 95.00%-95.88%
rpl14-rpl36 4142 3664 (3648) -
rpl32-trnL 3765 3341 (3274) -
rpoB 4210 3765 (3271) 67.78%-68.54%
rpoC1 4318 3847 (3078) 88.78%-89.47%
rps12-rpl20 2464 2217 (2197) -
rps16 3749 3364 (2374) 96.97%-96.97%
rps16-trnK 3772 3321 (3293) -
trnC-trnD 4110 3670 (3652) -
trnD-trnT 3865 3468 (3446) -
trnH-psbA 4314 3824 (2787) 98.00%-98.99%
trnl-trnF 4290 3830 (2693) 100.00%-100.00%
trnV-ndhC 4266 3671 (3647) -
ycfl 2486 2068 (1851) 97.40%-97.44%

According to subsequent analysis, the optimal length was 40bp
(Figure 2c).

Although multiple assemblies can improve the precision of DSS
candidates, there may still be false-positive DSS candidates due to
sequencing errors, random mutations, etc.; thus, validating DSS is
necessary. A potential barrier preventing researchers from using
PCR-based methods is the possibility that too many candidates
must be tested to achieve a DSS. Our results showed that 90% of
the species acquired DSS after testing 40 DSS candidates (Figure 4e,
Table S12). In addition, the number of DSS candidates is not linearly
correlated with the probability of DSS presence, implying that most
species do not have to go through a test of 40 DSS candidates to
acquire a DSS. For species with multiple assemblies, five DSS candi-
dates achieved a 67% probability of finding at least one DSS and 10
DSS candidates, corresponding to 78% (Figure 4e).

The HTS method can rapidly screen the DSSs from DSS can-
didates. Based on the HTS-based validation of 165 species, we found

91.00%-91.00% 62.00%-63.00%

84.85%-85.00% 56.00%-56.57%

57.83%-58.33%
77.55%-78.00%

34.12%-34.88%
45.83%-46.39%

90.72%-90.91% 65.31%-66.00%

92.00%-93.00%
93.00%-93.00%

60.00%-60.00%
66.00%-67.00%

90.54%-90.79% 60.76%-61.33%

that the optimal sequencing amount for DSS validation was 1 Gb.
One possible explanation for the 1 Gb overwhelming the 5 Gb data
set is that the probability of reads containing DSS sequences gener-
ated from the nuclear genome rather than the chloroplast genome
increases with sequencing depth. Therefore, 100 Mb-1 Gb sequenc-
ing data should be optimal for validation of DSS candidates in most
plants based on the trade-off between reducing bias from the back-
ground species nuclear genome and increasing the likelihood of de-
tecting DSS candidates from target species.

Apart from the factors discussed above, background species
are another critical, yet challenging issue. In this case study, we ob-
tained 30 combined DSS candidates from a background species data
set that did not include A. lancea. However, only one of these has
been proven to be a DSS marker that can distinguish A. lancea from
A. japonica. In contrast, A. macrocephala DSS candidates identified
using the same data set did not exhibit this deficiency. Although it
is difficult to estimate how frequently this problem is likely to occur,



HUAET AL.

10 MOLECULAR ECOLOGY
WILEY - Faaiite

rnL trnF
100% 1 /m ath atpH
(rp08) m m (triH-psbA] [trnH-psbA

ath atpH M
aocD =
rbcL rps16

80%

_

9

>

§ 60%

:
40%

FIGURE 5 The universality and
discriminatory power of different markers.
The data of barcodes evaluated in a
previous study was obtained from CBOL
working group (2009).

DSS

Marker evaluated
* DSS

Barcodes evaluated in
the present study

e Barcodes evaluated in
the previous study

20% 40% 60%

Discriminatory power (%)

increasing the background species may address this issue to some
extent because the number of DSS candidates remains stable when
the number of background species is over 1000. Nonetheless, it is
preferable for researchers to sequence the chloroplast genome of
closely related species that need to be distinguished from the target
species but are not available in public databases. In the case of genus
Atractylodes, we speculate that the capability of DSS to distinguish
species not included in the background data set may be affected by
affinity because A. japonica is more closely related to A. lancea than
A. macrocephala (Wang et al., 2021).

Based on our results, we propose five principles for identifying
DSS candidates: (1) species to identify DSS should have at least two
chloroplast assemblies, and the more assemblies, the better the re-
sults; (2) the optimal k-mer length for DSS is 40bp; (3) closely re-
lated species that need to be distinguished should be included in
background species; (4) when using the HTS method to validate
DSS, the optimal sequencing amount is 1 Gb; and (5) when using
low-throughput methods to validate DSS, testing 40 DSS candidates
should be sufficient.

4.2 | Do all species possess DSSs?

To evaluate a molecular marker, two touchstones used in DNA bar-
coding can be consulted (CBOL Plant Working Group, 2009; Kress &
Erickson, 2008): (1) Universality: which loci can be routinely ampli-
fied and sequenced across land plants? (2) Discrimination: Which loci
enable most species to be distinguished? DSSs are constant-length
nucleotide sequences that can detect the presence of a taxon and
distinguish it from background species; thus, the discriminatory

power of DSS was 100%. Therefore, the most critical question for

100%

DSS application is the universality of DSS (i.e., do all species possess
DSSs?). Because we split the process of identifying DSSs into two
processes, the universality of DSS can be calculated by the following
formula:

Species with DSS
Species with DSS candidates

Species with DSS candidates

All species x 100 %

The universality of DSS =

To identify DSS candidates for a specific target species, a key issue
is defining what the “background species” in the DSS definition is.
Theoretically, in terms of plant identification, the background spe-
cies comprise all other plant species, except for the target species.
However, in practical applications, it is neither possible nor necessary
to include all other plants because only a few of them have been se-
quenced. In this study, we use other 3898 species as background spe-
cies when the DSS of each species was identified. In compliance with
the principles proposed above, we used the results of species with
multiple assemblies and HTS-based validation results using 1 Gb se-
quencing data to evaluate the universality of DSS. As a result, 304 of
369 species (82.38%) with multiple assemblies were DSS candidates,
and the HTS-based validation showed that DSSs could be found in 159
of 165 species (96.36%) with DSS candidates. Therefore, the univer-
sality of the DSSs was 79.38% (82.38% x 96.36%). A potential concern
may be that for a specific species, the number of DSSs may decrease
with an increase in background species, especially for closely related
species. Our results demonstrated that when the number of back-
ground species was over 1000, the number of DSS candidates did not
decrease significantly with increasing numbers of background species.
Our results also indicated that the number of closely related species
did not influence the occurrence of DSS candidates (Figure 2d) or the

precision of DSS candidates (Figure 4c).
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4.3 | Future prospects for DSS
Efficient plant species identification methods are the basis of plant
biodiversity conservation; however, there is still a long way to go.
DSS markers can be used as powerful supplements to address the
issue that DNA barcoding does not perform well in certain taxa to
some extent. Gentiana spp. are derived from multiple lineages and
undergo radiative speciation (Zhang et al., 2009). A previous study
reported that the discriminatory power of single-locus DNA bar-
codes ranged from 60% to 74.42% in Gentiana and the discrimina-
tory power of multi-locus barcodes ranged from 71.43% to 88.24%
(Liu et al., 2016). In our study, the DSSs of four Gentiana spp. were
validated, showing high precision of DSS candidates at 99.8%,
93.6%, 96.3%, and 94.3% for G. rigescens, G. scabra, G. trifloral, and
G. manshurica, respectively (Table S2).

Another valuable aspect of DSS is that it is PCR-free. The detection
of plant components unidentifiable by morphology from mixtures (e.g.,
food, herbal products, and environmental samples) can portray the bio-
diversity of environmental samples and improve the oversight of trade
in endangered species (Manzanilla et al., 2022; Taberlet et al., 2012).
Metabarcoding is a powerful tool for detecting plant components in
mixtures (de Boer et al., 2017), but it is hampered by low amplifica-
tion efficiency because DNA in complex mixtures always degrades
due to heating, pH changes, and other factors (Lo & Shaw, 2018; Paula
et al., 2015; Sakaridis et al., 2013). In contrast, DSS is PCR-free when
combined with HTS because it is simple to obtain reads longer than
100bp using HTS. This strength makes DSS a promising tool for de-

tecting components of plant origin in complex mixtures.
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