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[ABSTRACT] Variations in herb dosage due to species adulteration and dosing inaccuracies can substantially affect clinical safety and
efficacy. Accurate species quantification remains challenging, as current methods often yield inconsistent results. This study intro-
duces a novel pyrosequencing-based technique, termed herb molecular quantification (Herb-Q), designed to precisely quantify herbal
products. We evaluated its effectiveness using Pinellia ternata and five of its adulterants. Initially, we assessed commonly used DNA
barcodes with sequences from a public database, identifying two candidate regions, Maturase K (mafK) and internal transcribed spacer
2 (ITS2), for screening specific single nucleotide polymorphism (SNP) loci, allowing for species-specific identification. These loci
were validated by amplifying and sequencing genomic material from collected samples. Our validation studies showed that Herb-Q
demonstrated excellent linearity, accuracy, repeatability, and detection limits. We established quantitative standard curves with high R
values (> 0.99) to enable precise species quantification, which were combined with external standards to provide clear and accurate
visual quantification results. The average bias in quantifying the tuber of P. ternata was 2.38%, confirming that Herb-Q can accurately
identify and quantify herbal product constituents. Moreover, the entire quantification process took less than 4 h. This study presents a
novel, rapid method for accurately quantifying species in herbal products and advances the application of DNA barcoding from spe-

cies identification to quantitative detection.
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Introduction

Herbal plants are integral to the medical industry, partic-
ularly in countries like China, India, and other regions where
traditional medicine is widely practiced ! *. Moreover, herbs
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constitute a primary ingredient in various dietary supple-
ments, including pills, capsules, tablets, powders, and liquid
formulations ©!. However, the average adulteration rate of
herbal products (HPs is alarmingly high, averaging 27%, as
evidenced by the analysis of 5957 types of HPs across 37
countries “l. The excessive use of adulterants in HPs often
leads to severe consequences ™ °. For example, ashwag-
andha, a widely used herb in Ayurvedic medicine and a com-
mon component in herbal dietary supplements, is generally
considered safe; nevertheless, cases of liver injury have been
reported, likely due to overdosage . In some cases, adulter-
ated HPs can cause significant harm; for instance, Clematidis
Armandii Caulis and Aristolochiae Manshuriensis Caulis,
which are adulterants of Akebiae Caulis, have been associ-
ated with renal failure and even death ™. Thus, accurate and
reliable methods for herb species quantification are essential
to mitigate the health risks associated with herbal product
consumption.

Traditional methods such as microscopic examination,
morphological analysis, and chemical constituent analysis
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have limitations in accurately quantifying individual species,
as they typically provide qualitative results or only quantitat-
ively analyze certain components ™ °\. In contrast, advanced
barcoding-based technologies ™, including quantitative real-
time polymerase chain reaction (PCR) "”, high-resolution
melting ' 12 and dro-
plet digital PCR "> ' have shown efficacy in herb quantific-

ation research. However, these methods encounter difficulti-
[12-15]

, vector control quantitative analysis

es in accurately quantifying closely related target species
The primary source of adulteration in HPs is the intentional
or unintentional mixing of closely related species at low taxo-
nomic levels due to their morphological or olfactory similarit-
ies "' Consequently, there is an urgent need for a user-
friendly, precise, and reliable quantification method.

Pyrosequencing is a powerful tool for accurately quanti-
fying individual species, especially those at low taxonomic
levels "® "1 Pyrosequencing-based species identification
(SpelD) assays have been successfully employed for identify-
ing hair tissues from species such as Equus caballus and E.
asinus %, Additionally, base ratios at specific single nucle-
otide polymorphism (SNP) loci obtained through pyrosequen-
cing of a 1 : 1 mixture of Lonicerae japonica and its adulter-
ant species from the same genus demonstrate this technique’s
potential for species quantification *. Therefore, pyrose-
quencing-based SNP analysis is particularly suitable for ac-
curately quantifying herb species at low taxonomic levels.

In this study, we introduce a pyrosequencing-based ap-
proach to facilitate precise and straightforward quantification
of herb species, termed Herb-Q. The primary objective was to
develop and validate this method for quantifying Pinellia
ternata and its low-taxonomic-level adulterants. We compre-
hensively tested the methodological specifications of Herb-Q
and assessed its quantitative capability by measuring bias.
Additionally, we evaluated the feasibility of Herb-Q as a user-
friendly and efficient approach for quantifying herbs, aiming
to provide technical support for market regulation and trade
traceability.

Materials and Methods

Test materials

A total of 107 samples from six members of the Araceae
family were collected across 15 provinces in China (Table
S1). These samples included Pinellia Rhizoma (PR) and
tubers of P. pedatisecta Schott. (PPR), P. cordata N. E.
Brown. (PDR), Typhonium flagelliforme (Lodd.) Blume.
(TFR), T. blumei Nicolson and Sivad. (TBR), and Arisaema
heterophyllum Blume. (AHR). Among these, P. fernata has
official approval for medicinal use in PR ", while the other
species are commonly used as adulterants of PR in the mar-
ket. To ensure authenticity, all collected samples were identi-
fied using internal transcribed spacer 2 (ITS2) barcoding. The
tubers were then washed with water, sliced, and dried at
56 °C for 12 h. After drying, the samples were ground into a
fine powder for genomic DNA extraction. To evaluate the
validity of the developed assay, mixed samples of PR and a
randomly selected adulterant, TBR powder, were prepared.

®

The mixed proportions of these two materials are described in
detail in the Detection Methodology section. Specimens and
DNA from all samples were deposited in the herbarium of the
Institute of Chinese Materia Medica, China Academy of
Chinese Medicinal Sciences (Beijing, China).

DNA extraction and Sanger sequencing

DNA was extracted using the Universal Genomic DNA
Kit (Tiangen Biotech, Beijing Co., China). The DNA tem-
plate was amplified with the primers ITS2-S2F/S3R and Mat-
urase K (marK)-390F/1326R using an optimized reaction sys-
tem and PCR procedure (Table S2) on an Applied Biosys-
tems 2720 Thermal Cycler (AppliedBiosystem, Madrid, Spa-
in). The PCR products were then sequenced using Sanger se-
quencing at Tsingke Biotechnology Co., Ltd. (Beijing, Chi-
na). High-quality ITS2 or matK sequences were uploaded to
NCBI (https://www.ncbi.nlm.nih.gov/) for BLAST analysis.
SNP selection and pyrosequencing

High-quality PCR products were prepared for pyro-
sequencing using the PyroMark”Q48 Autoprep instrument
(Qiagen, Hilden, Germany). Following the manufacturer’s
guidelines, primers, enzymes, substrates, sepharose bead mix-
ture, and dNTPs were sequentially added to the reagent
chamber, and the pyrosequencing reaction was automatically
performed according to the preset protocol . Primers were
designed based on specific SNP loci that showed species con-
servation and species-specific variations within the mafK and
ITS2 sequences (Table S3 and Figs. S1—S6). These SNP loci
were selected to ensure precise differentiation between spe-
cies (Tables S4a and S4b). All primers were synthesized by
MDBio, Inc. (Beijing, China). For pyrosequencing, the input
sequences at each SNP locus ranged from 16 to 35 bases. Im-
portantly, when using a forward sequencing primer, the re-
verse primer must be biotin-labeled at the 5’ end to facilitate
the pyrosequencing process.

Developmental validation

Methodological validation was conducted to thoroug-
hly evaluate the efficacy of Herb-Q in molecular identifica-
tion " This validation process included assessments of
linearity, limit of detection (LOD), limit of quantitation
(LOQ), accuracy, and repeatability *”. TBR was selected as
an adulterant to mix with PR for these evaluations.

To determine the quantification range, TBR powder was
mixed with PR in varying proportions: 1%, 2%, 4%, 6%, 8%,
10%, 20%, 30%, 40%, and 50% (Wt/Wt), corresponding to
PR proportions of 99%, 98%, 96%, 94%, 92%, 90%, 80%,
70%, 60%, and 50% (Wt/Wt). Each experiment was per-
formed in triplicate. Linearity was assessed by examining the
relationship between the chemiluminescent signal values at
the target SNP site and the proportion of each species.

The LOD and LOQ of Herb-Q were evaluated using
TBR powders at proportions of 8%, 6%, 4%, 2%, and 1%.
The LOD was defined as the ability to detect the target in >
95% of replicates, while the LOQ was defined as achieving a
relative standard deviation (RSD) of < 25% . Each propor-
tion was tested in twenty replicates.

Accuracy and repeatability were verified using mixtures
with known proportions. TBR powders were tested at propor-
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tions of 15%, 25%, and 35%, with corresponding PR propor-
tions of 85%, 75%, and 65%, respectively. Each experiment
included six replicates.

Establishing the quantitative molecular assay

Quantitative standard curves for each SNP site were es-
tablished by mixing specific species with PR at proportions
of 10%, 30%, 50%, 70%, and 90%, with three replicates for
each proportion. A linear relationship was confirmed when
the coefficient of determination (R%) was 0.99.

PPR was randomly selected as an adulterant for PR, and
PDR was used as an external standard material with a known
weight. This standard material was chosen for its unique SNP
sites suitable for the Herb-Q method and was not present in
the mixture to be quantified. To simulate contamination or
preliminary processing, small amounts of mineral substances
or other species were randomly added to the mixtures.
Sample 1 was a mixture weighing 203.2 mg and composed of
72.1 mg PR powder, 20.3 mg PPR powder, 8.5 mg starch,
and 102.3 mg PDR powder. Sample 2 was a mixture weigh-
ing 204 mg and composed of 71.6 mg of PR powder, 21.5 mg
of PPR powder, 9.6 mg of wheat flour, and 101.3 mg of PDR
powder. Sample 3 was a mixture weighing 201.3 mg and
composed of 71.1 mg PR powder, 19.6 mg PPR powder, 9.6
mg starch and wheat flour, and 101 mg PDR powder. The
samples were thoroughly mixed, and DNA was extracted fol-
lowed by PCR amplification. PCR products were then used
for pyrosequencing of SNP sites of the external standard sub-
stances and PR. The total weights of PR, PPR, and PDR were
calculated using Equation (1), followed by the calculation of
the weight of PR in the test sample (W _ternata) using Equa-
tion (2):

W _all =W _cordata/R_cordata ()

W_ternata=W _all X R_ternata 2)
Where W _cordata represents the actual weight of PDR in the
test sample; R_cordata is the ratio of the chemiluminescent
signal of a unique genotype for PDR at a specific SNP locus;
W all is the calculated sum of PR, PPR, and PDR; and
R_ternata is the ratio of the chemiluminescent signal of a
unique genotype for PR at a specific SNP locus.
The Herb-Q approach used to obtain the weight of adul-
terants was considered applicable when the bias was less than
25% P41 The bias was calculated as follows:

| W_ternata—A_ternata

Bias = x 100% 3)

A ternata

Where A _ternata represents the actual weight of PR in the
test sample, and W _ternata is the calculated weight of PR in
the test sample.

Results

Sequence validation, SNP loci verification, and primer design

Among the species studied, only the tubers of P. fernata
have official approval for medicinal applications in PR ©?,
However, once powdered and with the outer skin removed,

the tubers of P. fernata and its five adulterants are visually in-

®

distinguishable (Fig. 1A).
Preparation of sequences

The selection of SNP loci for pyrosequencing requires
both appropriate specificity and suitable conservation **. To
identify suitable sequences, we evaluated common DNA bar-
codes, including ITS2, matK, rbcL, and psbA-trnH. The
matK sequence was deemed the most suitable due to its op-
timal number of SNP loci at low taxonomic levels, covering
both the genus and species levels. Although the ITS2 se-
quence exhibited high variation at the genus level, it main-
tained a moderate number of SNP loci at the species level.
The rbcL sequence showed slight variation at the family
level, while the psbA-trnH sequence was highly variable at
the species level. Consequently, matK and ITS2 sequences
were selected for quantifying PR and its adulterants using
Herb-Q.

ITS2 sequencing results from 107 samples were subjec-
ted to BLAST analysis in the NCBI database to confirm the
authenticity of the voucher samples. Detailed sequences of
these samples are provided in Data S1. As of February 2023,
all public 257 matK sequences from all species of the genera
Pinellia, Arisaema, and Typhonium, along with 175 ITS2 se-
quences from all species of the genus Pinellia, were down-
loaded from the NCBI database. Combined with 107 marK
and 57 ITS2 sequences obtained from the voucher samples, a
total of 364 matK and 232 ITS2 sequences were used for the
Herb-Q analysis.

Specific SNP sites and primers for Pinellia ternata

One specific SNP locus, matK-34 (Table S5), in the
matK sequence was identified to distinguish the P. ternata in
the mixture. Genotype G was observed at the marK-34 site
for P. ternata, whereas genotype A was observed in other
species. This locus was considered specific among the 364
sequences analyzed (Table S5). However, sequence spe-
cificity verification suggested that species such as P. peltata
and P. polyphylla, belonging to the same genus Pinellia,
might also occasionally exhibit genotype G at this site. Not-
ably, P. peltata and P. polyphylla are uncommon in China
and have not been reported as adulterants of P. ternata.
Therefore, matK-34 is a specific SNP locus for P. ternata
among its closely related species. The allele frequencies de-
termined by pyrosequencing were consistent with expecta-
tions (Fig. 2), confirming the utility of this locus for identify-
ing P. ternata adulteration.

Specific SNP sites and primers for genus Pinellia

P. pedatisecta, belonging to the same genus as P.
ternata, is a common adulterant with an adulteration rate as
high as 85% ©°\. To rapidly identify adulterant species at the
genus level in test samples, specific SNP loci for the genus
Pinellia were screened. Initially, matK-31, marK-352, and
matK-404 sites in the marK sequence (Table S6) were con-
sidered potential SNP loci for identifying adulterants in
Pinellia mixtures. However, multiple consecutive bases
(> four sites) were the same genotype (T) at the marK-31 and
matK-404 loci could affect quantification. Consequently, the
matK-352 locus was deemed more suitable for further verific-
ation. At this locus, genotype T was observed in Pinellia,

— 665 —



PEI Yifei, et al. / Chin J Nat Med, 2024, 22(7): 663-672

A Morphological T After Dried B matK-34
characteristics e peeling  powder P4 w Tcla ca
. ternata
P termata ' = P. pedatisecta T C A C G
—3cm P.cordata T C A C G
) A. heterophyllum T C A C G
P. pedatisecta T bl 't cBM c o
" blumei
100% T. flagelliforme T C A C G
F: cordata J = Consensus T C G/A C G
C matK-352
T blumei = Pinclli P.ternata G G T T T
) inellia .
100% genus P. pedatisecta G G| T T T
T flagelliforme @ P.cordata G G T T T
1007 Oth A. heterophyllum G G C T T
o ther two
T. blumei G G C T T
A. heterophyllum ‘ genera
- T. flagelliforme G G C T T
—0.05cm Consensus G G T/C T T
E matK-314 matK-364 matK-453 matK-568 D ITS2-310
P.ternata T T C A T GA C TC AC A TA TG T TA
P.pedatisecta T T T A T GA C TC AC A TA TG T TA P.ternata A Cl G C
Peordta TT C AT GA C TC AC A TA TG T TA P. pedatisecta A C G G C
A. heterophyllum T T C A T GA A TC AC A TA TG T TA P.cordata A CI A G C
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Consensus T T C/T A T G ACATZC A CAGT A TGTICTA

Fig. 1 Characteristics of PR and its adulterants (A) and the SNP sites verified for its quantitative adulteration detection (B—D).
Genotype G observed at the matK-34 site in PR and genotype A in other adulterants (B). Genotype T observed at the matK-352
site in Pinellia and genotype C in other species (C). Genotype A observed at the ITS2-310 site in PDR and genotype G in PR and
PPR (D). The weights of adulterant PDR were verified based on the pyrosequencing results of SNP matK-352 combined with
ITS2-310. Genotype T observed at the matK-314 site in PPR and genotype C in PR and other adulterants (E). Genotype A ob-
served at the matK-364 site in AHR and genotype C in PR and other adulterants (E). Genotype G observed at the matK-453 site
in TBR and genotype A in PR and other adulterants (E). Genotype C observed at the matK-568 site in TFR and genotype T in PR
and other adulterants (E). PR, tuber of Pinellia ternata; PPR, tuber of P. pedatisecta; PDR, tuber of P. cordata; AHR, tuber of
Arisaema heterophyllum; TBR, tuber of Typhonium blumei; TFR, tuber of T. flagelliforme.

while other species in the genera Arisaema and Typhonium
exhibited genotype C. The allele frequencies for each species
at matK-352 were as expected (Fig. 2).

Specific SNP sites and primers for five individual adulterants

Thirteen sites in the marK sequence were screened as
candidate SNP sites for identifying individual adulterants
(Table S7). From this analysis, specific SNP loci were identi-
fied for the following adulterants: PPR: marK-314 (genotype
T), AHR: marK-364 (genotype A), and TBR: marK-453 (gen-
otype G), TFR: matK-568 (genotype C).In contrast, other
species exhibited different genotypes at these loci: genotype
C at matK-314, genotype C at marK-364, genotype A at
matK-453, and genotype T at matK-568. The allele frequen-
cies at these SNP loci for each species were consistent with
expectations, successfully verifying their specificity (Figs.
S7-S9).

Specific SNP sites suitable for identifying P. cordata
rhizoma (PDR) were not found in either the matK or ITS2 se-
quences. Therefore, a combination of two SNP sites was util-
ized for PDR identification. Initially, the marK-352 locus was
used to determine the presence of any adulterant species from
the genus Pinellia. Subsequently, the ITS2-310 locus was
employed for further differentiation within the genus Pinellia.

®

At the ITS2-310 locus (Table S8), genotype A was observed
in PDR, while genotype G was observed in PR and PPR. The
allele frequencies for each species at the ITS2-310 locus in
Pinellia matched expectations (Fig. S10). This approach al-
lowed for the successful identification of PDR in mixtures by
combining the results from the ITS2-310 and matK-352 loci.

A total of seven SNP sites from marK and ITS2 se-
quences were used for analysis. Initially, the weight of au-
thentic PR in the mixtures was determined based on
pyrosequencing results from the marK-34 site (Fig. 1B). Fol-
lowing this, the weights of adulterants from the genus Pinel-
lia or other genera in the mixtures were established using the
matK-352 site (Fig. 1C). Finally, the weight of PDR adulter-
ants was confirmed by combining the results from SNP loci
matK-352 combined with ITS2-310 (Fig. 1D). The weights of
adulterants PPR, AHR, TBR, and TFR were verified through
pyrosequencing results from their respective specific SNP
loci: matK-314, matK-364, matK-453, and marK-568 for
TFR (Fig. 1E). This comprehensive approach ensured accur-
ate identification and quantification of the various adulter-
ants in herbal mixtures.
Methodological testing

The pyrosequencing results for samples mixed at spe-
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Fig. 2 Verification of the specific SNP loci in PR, genus Pinellia, and TBR at the matK-34, matK-352, and matK-453 sites. PR,
tuber of Pinellia ternata; PPR, tuber of P. pedatisecta; PDR, tuber of P. cordata; AHR, tuber of Arisaema heterophyllum; TBR,

tuber of Typhonium blumei; TFR, tuber of T. flagelliforme.
cified ratios are presented in Fig. 3A to evaluate linearity.
The chemiluminescent signal values of the genotypes at the
matK-453 site were consistently and accurately detected us-
ing TBR powder at the specified ratios (except for the 1%).
The ratio of chemiluminescence signal values for each base
in the specific SNP was consistent with the ratio of the mixed
materials. However, usable data could not be obtained for the
1% adulteration ratio. Detailed data from the three replicates
for all proportions are presented in Table S9. The coefficient
of determination (R* = 0.9948) indicated a strong linear rela-
tionship between the expected genotype frequency and the
measured values, with a fitted line slope of 0.99 (Fig. 3B).

A stable detection rate of > 95% was achieved for detect-
ing 2% adulterants in mixtures (Fig. 3C). Consequently, the
LOD for quantifying PR was determined to be 2%. The LOQ
was also established at 2%, as the RSD for the 1% propor-
tion of TBR in the PR powder exceeded 25% (Fig. 3C). Data
from the 20 replicates for all five proportions are presented in
Table S10. For the specified ratios, the RSD values (Fig. 3D)

were < 25%, indicating that Herb-Q exhibits good reprodu-
cibility for PR quantification.
Quantitative standard curve for each SNP locus

Quantitative standard curves were established for each
SNP locus by correlating the proportions (W#/Wt) of each
adulterant with the rates of chemiluminescent signal values
for the specific genotypes at each SNP site. For the PR-spe-
cific SNP site marK-34, pyrosequencing was conducted on
mixtures containing PR powder at proportions of 90%, 70%,
50%, 30%, and 10%, with three replicates for each propor-
tion (Table S11). The average chemiluminescent signal val-
ues corresponding to genotype G were observed at propor-
tions of 90%, 70%, 53%, 30%, and 10% (Fig. 4A). The re-
gression equation correlating the proportion of PR (x) to the
rate of chemiluminescent signal values of genotype G () was
determined to be y = 0.99x + 0.009 (Fig. 4B), with an R’
value of 0.9961, indicating excellent linearity. For other spe-
cific SNP sites, pyrograms and the regression equations for
mixtures of each adulterant with PR in different proportions
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Fig. 3 Pyrograms of 10 different proportions at the matK-453 site and the qualitative results for Herb-Q. Al is the expected
pyrogram of Herb-Q at the matK-453 site. A2—A10 are the pyrograms of mixtures at the matK-453 site with TBR powder at pro-
portions of 50%, 40%, 30%, 20%, 10%, 8%, 6%, 4%, and 2% (Wt/Wt), respectively. B is the regression equation of TBR mixtures,
with R* being 0.9948. C shows the LOD and LOQ for TBR adulteration in PR by Herb-Q (n = 20). D is the verification results of
quantification for samples with known proportions. PR, tuber of Pinellia ternata; TBR, Typhonium blumei.

are shown in Figs. S11-S16. Each regression analysis demon-
strated R* values exceeding 0.99, confirming the high accur-
acy and reliability of the quantitative measurements. The
Herb-Q method effectively detected and quantified the
chemiluminescent signal values of the genotypes for PR and
its five adulterants.
Calculation of quantification results

The quantification results were calculated based on the
actual weights of each constituent substance used to prepare
samples 1-3 (Fig. 5A). The expected pyrograms displayed
chemiluminescent signals for genotype A at the ITS2-310 site
and genotype G at the matK-34 site (Figs. 5B1 and 5C1).
Representative pyrograms from one of the three replicates of
the pyrosequencing results for these samples are shown in
(Figs. 5B2—5B4 and 5C2-5C4). The total weight of all sub-
stances, W _all, was calculated using the chemiluminescent
signal rates of genotype A at the ITS2-310 site (Equation 1).
The weight of PR, W ternata, was calculated using the
chemiluminescent signal rates of genotype G at the marK-34
site (Equation 2). Fig. 5 shows one pyrogram. Figs. 5B2—5B4
and 5C2—-5C4 illustrate one pyrogram from the three replic-
ates for samples 1-3. (Figs. 5D and 5E) of the pyrosequen-
cing results for samples 1-3. The average chemiluminescent
signal rates for genotype A at the ITS2-310 site, denoted as
R _cordata, were 50%, 50%, and 51%, which closely matched
the actual values of 53%, 52%, and 53%, respectively. Using
Equation 1, the average total weights, W _all, for samples 1 to
3 were estimated to be 204.6, 204, and 199.3 mg, respect-

®

ively. The estimated weights of PR, W _ternata, for samples 1
to 3 (Fig. 5F) were 75.0, 71.4, and 69.1 mg, respectively, us-
ing Equation 2. These estimates were compared to the actual
weights of 72.1, 71.6, and 71.1 mg, respectively. The bias
values for samples 1-3, calculated using Equation 3, were all
below 25%, with values of 4.05%, 0.3%, and 2.81%, respect-
ively. These results demonstrate that the Herb-Q approach
can accurately quantify mixtures of PR and its adulterants,
confirming its reliability and precision in differentiating and
measuring the components within complex herbal mixtures.

Discussion

Adulteration of HPs poses a significant challenge, with
the global adulteration rate being alarmingly high ™. This is-
sue severely impacts the medical industry, especially in the
formulation of traditional and supplementary medicines,
where the precise quantification of herbs is crucial ™ *. Cur-
rent methods for herb species quantification have several lim-
itations, including the need for high-specificity species se-
quences and difficulties in quantifying species at low taxo-
nomic levels ™ . Pyrosequencing technology, an affordable
and high-throughput DNA sequencing method, has been
widely employed for genotyping and species identifica-
tion "> **"). This technique has shown remarkable sensitivity
and specificity in quantitatively determining genotypes and
assessing mutation loads of disease-causing mutations C%.
Genotyping a single mutation locus represents a novel ap-
proach for quantifying herb species . In this study, the
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Fig. 4 Pyrograms of different proportions of 90%, 70%, 50%, 30%, and 10% of PR in mixtures at the matK-34 site and the coef-
ficient of determination for linearity. A shows the expected pyrogram of Herb-Q at the matK-34 site, and the pyrograms of mix-
tures at the matK-34 site using PR powder at proportions of 10%, 30%, 50%, 70%, and 90% (Wt/Wf). B shows the regression
equations of PR mixtures, with the R’ 0.9961. PR: tuber of Pinellia ternata; PPR: tuber of P. pedatisecta.

SpeID method was utilized for qualitative species analy-
sis * providing a foundation for validating the Herb-Q
method. PR was chosen as a case study to establish our new
method due to its high adulteration rate (66%) “. PR is a
toxic species, and its common adulterants belong to the same
family (genus) at a low taxonomic level. ITS2, one of the uni-
versal DNA barcodes for plants, has been widely used to
identify qualitative adulteration of PR ™ **, but quantitative
adulteration detection has not yet been reported. This study
introduces Herb-Q, a novel pyrosequencing-based molecular
quantification assay that can effectively quantify closely re-
lated species. The feasibility of this method was preliminar-
ily verified, demonstrating its ability to accurately quantify
target species even in the presence of mineral substances or
species used as adjuvants. Herb-Q shows promise as a user-
friendly and accurate approach for herb species quantifica-
tion, with potential applications in quality control.
Considering the distinctive features of Herb-Q, a struc-
tured workflow for herb species quantification in medicinal
herb adulteration research has been proposed. The process
consists of four main steps, as depicted in Fig. 6. The initial
step involves the collection of diverse and accurate genetic
data for the target species and related species within the same
family or genus. Sequences should be obtained from public
databases, and additional samples should be collected from
various geographical locations to enhance nucleotide di-
versity for each species. The second step involves the valida-
tion of SNP sites for each target species. Specific SNP sites
must exhibit high levels of conservation within the species of

®

interest to ensure stability and reliability. These SNP sites
should also demonstrate a high degree of specificity when
aligned with different species, enabling accurate species iden-
tification. PCR and pyrosequencing primers are then de-
signed for each validated SNP locus. These primers are veri-
fied through qualitative identification of each species using
pyrosequencing techniques, ensuring the robustness and ef-
fectiveness of the selected SNP loci for Herb-Q analysis. The
third step involves methodological testing to assess various
performance parameters, including the LOD, LOQ, accuracy,
linearity, and repeatability of the developed method, as re-
commended by Engl ®*. Quantitative curves are established
through multiple mixed proportions and quantification (W/W)
results using an external standard material. Notably, the ex-
ternal standard species, which serves as an adulterant absent
from the mixture, is chosen based on the qualitative analysis
conducted earlier in the study.

The methodological testing results indicated that the
Herb-Q approach achieved an LOQ of 2% when applied to
determine PR and its adulterants. The platform provides ac-
curate visualization results of chemiluminescent signals up to
several digits without decimal points *”*"!, contributing to the
slight average bias of 2.38% between the true and measured
weights of the test samples. This error, encompassing the en-
tire process from DNA extraction to the final quantitative res-
ults, is considered acceptable given the complexity of the
analysis. Notably, the 2.38% deviation is significantly lower
than the reference bias value of 25% and the 7.3% bias repor-

ted in other studies using molecular methods "',
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Fig. 5 Flow chart and results of the Herb-Q approach. A shows the true values of components making up samples 1 to 3 based
on weight. B1 shows the expected pyrogram at the ITS2-310 site, and the ratio of the chemiluminescent signal of genotype A is
represented as the proportion of W_cordata in test samples. C1 is the expected pyrogram at the matK-34 site, and the ratio of the
chemiluminescent signal of genotype G is presented as the proportion of W_ternata in test samples. B2 and C2 are the pyro-
grams of sample 1 at the ITS2-310 and matK-34 sites, respectively. B3 and C3 are the pyrograms of sample 2 at the ITS2-310 and
matK-34 sites, respectively. B4 and C4 are the pyrograms of sample 3 at the ITS2-310 and matK-34 sites, respectively. D repres-
ents the actual values and test values of the chemiluminescent signal of genotypes at the ITS2-310 site of samples 1 to 3. E shows
the actual and test values of chemiluminescent signals of genotypes of samples 1 to 3 at the matK-34 site. F shows the calculated
results of W_ternata of samples 1 to 3 and their bias. PR: tuber of Pinellia ternata; PPR: tuber of P. pedatisecta; PDR: tuber of

P. cordata.

In the process of quantifying herb species using Herb-Q,
detecting SNP loci specific to the target species is the first
step. This initial detection helps determine whether the mix-
ture under analysis contains the target species and any poten-
tial adulterants. SNP loci that distinguish different genera of
adulterants are preferentially selected to narrow the scope of
potential adulterants. Once the genus of the adulterants has
been determined, appropriate SNP sites are selected for
pyrosequencing to quantify the adulterants in the mixture.
Thus, selecting appropriate SNP loci in Herb-Q is crucial .
Choosing an incorrect SNP site for the target species can res-
ult in inaccurate output data and significant deviations in the
quantification (W#/Wt) results from their true values. Ideally,
the selected SNP site should be free of adjacent identical
bases before and after the SNPs and should have suitable re-
gions around the SNPs for designing PCR and sequencing
primers **'. To ensure the selection of the most suitable SNP

®

sites, as many sequences as possible from the genome in a
multiple sequence alignment of the target species should be
included. However, it is not always possible to obtain SNP
sites for some adulterants of a target species due to the lack of
whole-genome or plastid genome sequences available for
alignment. This challenge can be resolved by obtaining re-
fined genome sequence data from the target species and its
adulterants "', Currently, quantifying adulterants in complex
herbal patent medicines using Herb-Q is challenging due to
incomplete DNA extraction from processed herbs or poten-
tial reagent-related impacts on nucleic acid extraction effi-
ciency. However, this assay is still applicable for the quantit-
ative detection of target herbs when they are added to herbal
patent medicines in simple forms, such as powders, pills, or
tablets. With continuous optimization of the DNA extraction
process, the application scope of the Herb-Q method is ex-
pected to expand gradually.
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Herb-Q offers several significant advantages for the
quantification of herb species over existing methods. The as-
say boasts reduced operating time, cost, and expertise re-
quirements, as well as enhanced visualization of output data,
making it an invaluable tool for researchers and practitioners
in the field ®. The visual output of Herb-Q enhances ob-
jectivity in the quantification process, minimizing the influ-
ence of subjective parameter selection. This assay uses no
more than 35 bases, has a turnaround time of less than 0.5
days from DNA extraction to sequencing, and costs less than
$10 per sample. The two key properties of pyrosequencing,
generating a peak only when the correct nucleotide is dis-
pensed and incorporated and having peak heights proportion-
al to the number of incorporated nucleotides, form the found-
ation for the accurate quantification of single herbs using
Herb-Q . Compared to other probe-based or enzyme-cut
methods "', Herb-Q is more user-friendly and accessible,
especially for detecting species at low taxonomic levels. Herb-
Q has a wide range of applications, including the quantifica-
tion of plant herbs, animal-derived herbs, and fungi. It can be
used in various contexts to ensure safety and regulatory com-

pliance, including 1) herb products, 2) food products, 3) agri-
cultural products such as spices, and 4) environmental
samples such as soil and water to ensure they meet the safety
regulatory standards.

Conclusions

Adulteration of herbs significantly impacts economic
trade and the medical industry, making accurate quantifica-
tion essential. This study successfully established the Herb-Q
approach for precise quantitative analysis of species, espe-
cially at low taxonomic levels. PR, a toxic herb, and its five
adulterants were selected as a case study to validate this as-
say. Herb-Q demonstrated a LOD and LOQ of 2%, with out-
standing linearity and accuracy. The Herb-Q method proved
effective in detecting adulterated species, even in the pres-
ence of mineral substances or other species used as adjuvants,
with an average bias of just 2.38%. This approach provides a
novel means of identifying adulterants in mixed powders, ad-
vancing DNA barcoding from species identification to quan-
tification. Herb-Q offers crucial technical support for market
regulation, ensuring clinical safety and traceability.
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