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The rapid development of high-throughput sequencing (HTS) methods offers new opportunities for food
quality control and identification of food components using the DNA barcoding approach (meta-
barcoding in cases of complex mixes). However, the protocols of DNA barcoding applied to food analysis
are not yet fully established; testing and optimization are required to achieve the highest accuracy and
cost efficiency. We report here a comparative study of the two most widely used sequencing platforms -
[llumina and Ion Torrent - for composition analysis of herbal teas, and show that both technologies yield
congruent results, both qualitatively and quantitatively. They have revealed the substitution of fireweed
(Epilobium angustifolium L.) by Lythrum sp. in one of the samples. It was confirmed by classic methods of
botanical analysis (anatomy and palynology). In most samples, undeclared components have been
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Food safety detected, such as bindweed (Convolvulus) and ragweed (Ambrosia), which are known toxic and allergy-
Food quality control causing plants.

Herbal tea © 2018 Elsevier Ltd. All rights reserved.
Lythrum

1. Introduction a medicinal component), even causing allergic or toxic reactions

(Cupp, 2000).

Food quality control is the essential part of public health care.
One of the problems that quality control is facing is the incongru-
ence between declared and actual composition. This incongruence
is caused by contamination and accidental mistakes of raw mate-
rials or economically motivated adulteration during processing,
which poses a threat to the health of the consumer and may reduce
potential health benefits of the product (e.g., lack or substitution of
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Tea is one of the most widely consumed drinks in the world.
Most commonly called “tea”, it is a beverage made from the leaves
of the Camellia sinensis (L.) Kuntze plant. Additionally, there are
various so-called “herbal” or “phyto-" teas, which include mixes of
different plant species apart from C. sinensis, often with medicinal
or aromatic characteristics. More than a third of herbal teas sold by
stores contain ingredients not indicated on the labels (Newmaster,
Grguric, Shanmughanandhan, Ramalingam, & Ragupathy, 2013;
Stoeckle et al., 2011). Due to flaws in the quality control of plant raw
material collection and manufacture processing, herbal teas are
often subject to simple mistakes or substitution and adulteration,
especially if they consist of rare or expensive medicinal plants, e.g.,
(Boer et al.,, 2017; Vassou, Kusuma, & Parani, 2015). With the
development of technologies for processing raw ingredients for the
food industry and the globalization of food markets, it is becoming
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increasingly important to have precise instruments for the quality
and safety analysis of food products.

Methods for the analysis and control of food content are
constantly being developed. Traditionally, methods of analytical
chemistry, organoleptic tests, macro- and microscopy are used for
analysis. However, the problem of accurate and sensitive qualitative
identification of food composition with plant components still exist
due to numerous secondary metabolites, variations of individual
chemistry profiles and the lack of distinct morphological features
after food processing. Currently, molecular diagnostic methods
based on the amplification or sequencing of the marker DNA re-
gions look the most promising (Lo & Shaw, 2018).

High-throughput DNA sequencing (HTS) methods have under-
gone extremely rapid development over recent years. HTS allows
determining the sequences of many thousands of fragments
without their physical separation (e.g. by cloning) prior to
sequencing and is thus very promising for the analysis of products,
which represent complex mixes of components. The approach to
the identification of the composition of complex mixes is called
metabarcoding. Metabarcoding has a high potential to monitor
contamination, misidentification and fraud in food, e.g., (Mishra
et al,, 2016; Prosser & Hebert, 2017). Though HTS has a great
advantage in the identification of food component sources, con-
taminants and species composition, it has its limitations as well. It
greatly depends on the data integrity of the reference sequences’
database and some species are hard to clearly distinguish by means
of HTS and DNA barcoding, and it is advised to use the integrative
approach involving both chemical profiling and DNA-based bar-
coding methods for identification (Xu et al., 2018).

Currently, there are two widely used HTS approaches: the lon
Torrent and [llumina platforms (see Table 1 for characteristics).
Despite high accuracy of both technologies, they display some
platform-specific error profiles. For Illumina sequencers, inverted
repeats and GC-rich sequence motifs, such as GGC and GGT, have
increased error (substitution) frequencies (Meacham et al., 2011;
Nakamura et al., 2011; Schirmer et al., 2015). For lon Torrent
sequencing, errors in homopolymer repeats resulting in false indels
are the most common context specific errors (Bragg, Stone, Butler,
Hugenholtz, & Tyson, 2013; Loman et al., 2012; Yeo et al.,, 2012).
Also, the errors can occur not only during sequencing but also
during sample preparation. Library construction for both Illumina
and Ion Torrent sequencing includes two principal stages: (1)
linking of specific adapter sequences to target DNA fragments
usually followed by PCR with primers complimentary to the
adapters and (2) clonal amplification of prepared libraries by solid-
phase bridge PCR on the surface of the flow cell (Illumina) or
emulsion PCR on the surface of microbeads (Ion Torrent). Different
types of PCR introduce their own errors and thus it is important to
test the performance of different HTS platforms for each specific

Table 1
Comparison of specifications of Illumina and Ion Torrent platforms.

task to estimate their applicability.

Performance of the Illumina and Ion Torrent has been compared
before for 16S rRNA-based bacterial community profiling (Salipante
et al., 2014), whole chloroplast barcoding (Brozynska, Furtado, &
Henry, 2014), and differential gene expression (Lahens et al.,
2017), but was never compared for food fraud analysis. To the
best of our knowledge, this is a first direct side by side comparison
of the two most widely used HTS platforms, Illumina (MiSeq) and
Ion Torrent (Ion S5), applied to the problem of food quality control.

In this work, we identified the plant composition of commer-
cially available herbal teas with metabarcoding using the internal
transcribed spacers of ribosomal RNA gene operons - nrITS1 and
nrITS2. They were chosen as markers because these two regions are
found in multiple copies in the plant genome, can be amplified with
universal primers and have lengths that are perfect for most se-
quencers. Despite a few drawbacks of nrITS regions (such as
intragenomic polymorphism), they have been successfully used for
the identification of various plant species in food analysis (Raclariu
et al., 2017; Xin et al., 2013) and are recommended as universal
barcodes for fungi taxon identification (Schoch et al., 2012).

2. Materials and methods
2.1. Samples and DNA extraction

Six herbal tea samples named Mix1-6 (all from the same
manufacturer) were examined. The samples were obtained from
pharmacy retail outlets in Russia. The plant sources declared by the
manufacturer represented the 32 species commonly used in
traditional herbal medicine of Europe (see Supplementary Table 1).
Common names on the product labels were translated from
Russian and matched with scientific names using The PLANTS
Database (National Plant Data Team, Greensboro, NC 27401-4901
USA., 2018).

Total DNA was extracted from ~2g of tea (one teabag). The
samples were homogenized in liquid nitrogen using sterile mortar
and pestle. Subsequently, the DNA was extracted from ~50 mg of
each sample with DiamondDNA Plant kit (ABT, Russia). After
extraction DNA samples were additionally purified by the following
method: Sera-Mag Magnetic Speed-beads (Dia.: 1 um; 3 EDAC/PAS5,
GE Healthcare Biosciences) were prepared as described in (Molly,
2017) with the following modification: 200 pL of magnetic parti-
cles were washed twice with 500 uL of TE buffer, then diluted in
9750 pL of buffer solution (18% PEG-8000 (w/v), 1M NacCl, 10 mM
Tris-HCl, 1 mM EDTA, pH 8.0) and stored at 4 °C as a stock solution.
Immediately before DNA purification, the stock solution of the
magnetic particles was diluted and thoroughly mixed with the
buffer in the ratio of 1-3 (v/v). Then, DNA samples were purified
with a suspension of magnetic beads in the ratio of 1-1.4 (v/v).

Platform [llumina MiSeq

Ion S5/Ion S5 Plus/lIon S5 Prime

Sequence yield per run 7.5—8.5 Gb on reagents v.2
12.5—15 Gb on reagents v.3

Accuracy 70% > Q30 at 600 cycles, 85% > Q30 at 500 cycles
Systematic error substitutions in GGC and GGT context
Read length 500 (250 + 250) bp for reagents v.2

600 (300 + 300) bp for reagents v.3
Run Time 39 h for 500 cycles

56 h for 600 cycles

(includes cluster generation, sequencing and base

calling)
Paired reads Yes No
Insert size up to 550 bp

1,2-2 Gb on 520 chip

6-8 Gb on 530 chip

85% > Q20

indels in homopolymer regions

~400 bp for double chip

up to ~600 bp for single chip

19,5 h for 400 bp (includes presequencing chip processing, initialization and
sequencing)

400 bp (up to 600 bp)
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The concentration and purity of the DNA samples were assessed
by A260/280 and A260/230 ratios on the NanoPhotometer N60-
Touch (Implen, Germany) and by fluorescence intensity on the
Qubit 3.0 fluorometer (Thermo Fisher Scientific, USA). DNA samples
were normalized to 10 ng/uL before sample preparation. Then, 5 uL
(50 ng) of each normalized sample was used for library preparation.

Sanger sequencing of nriITS of Lythrum species, obtained from
the collection of Lomonosov Moscow State University Herbarium
(MW; scanned samples available at https://plant.depo.msu.ru/), -
L. salicaria L. (MWO0202156), L. virgatum L. (MW0446120),
L. hyssopifolia L. (MW0619919), L. thymifolia L. (MWO0632153),
L. tribracteatum Salzm. ex Ten. (MW1003497) and L. junceum Banks
& Solander (MWO0743064), - was performed on an Applied Bio-
systems DNA Analyzer using ABI PRISM BigDye Terminator v. 3.1
reagents.

2.2. DNA libraries preparation

For lon S5 library preparation, the ITS1-5.8SrRNA-ITS2 DNA-
barcode region of each sample was amplified by ITS5-F/ITS2-R and
ITS3-F/ITS4-R primers from (Baldwin, 1992; White, Bruns, Lee, &
Taylor, 1990) for nrITS1 and nrITS2 regions, respectively. Barcodes
were amplified using “Hot-start” with a chemically modified DNA
polymerase TaqF (AmpliSens, Russia) in the presence of the inter-
calating dye EvaGreen (Biotium, USA) on the QuantStudio 5 Real-
Time PCR system (Thermo Fisher Scientific, USA). Subsequently,
the products were purified with Sera-Mag magnetic beads and
mixed in equimolar proportion. Then, all the subsequent proced-
ures were conducted for the Ion Plus Fragment Library Kit ac-
cording to the manufacturer's protocol. Procedures include DNA
end blunting, ligation of the adapters to the blunt ends followed by
11 cycles of library amplification with the polymerase included in
the Platinum PCR High-Fidelity SuperMix from the Ion Plus Frag-
ment Library kit (Thermo Fisher Scientific, USA). Sequencing was
carried out on the Ion S5 platform using lon 520/530 Kit Chef re-
agent sample preparation kits with an Ion Chef instrument and Ion
530 chips (Thermo Fisher Scientific, USA).

For Illumina, the two-step PCR method was used for library
preparation: first-stage PCR by the fusion primers containing
primer sequences from (Baldwin, 1992; White et al., 1990) and
[llumina adaptor tails (ITS5-11lu-F/ITS2-1llu-R and ITS3-1llu-F/ITS4-
[llu-R). After that, the PCR products corresponding to nrIiTS1 and
nriTS2 were purified by Sera-Mag beads and mixed in equimolar
proportion for each mix. Second-stage PCR was performed with
50 ng of mixed products and Nextera index primers (Illumina, USA),
according to the manufacturer's instructions. Both PCR stages were
conducted using DNA polymerase TagF (AmpliSens, Russia) in the
presence of the intercalating dye EvaGreen (Biotium, USA) on the
LightCycler®96 System (Roche, Switzerland). Illumina libraries
were sequenced on a MiSeq with the MiSeq Reagent Kit v2 for 500
cycles (replicate 2) and on a HiSeq2500 with the Hiseq Rapid v. kit
for 500 cycles (Illumina, USA) with a 251 + 251 cycles setting.

Primer sequences are presented in Supplementary Table 2. The
composition of the PCR reaction mixture and the amplification
program for both library preparation methods are presented in
Supplementary Table 3.

2.3. Reference database

We have created a local reference database of the nrITS1 and
nriTS2 markers based on the information available in NCBI. Over
700,000 nrITS1 and nrITS2 sequences of fungi and plants were
downloaded from the NCBI and pre-filtered by length (200—10,000
bp). Poorly annotated and questionable records (Environmental,
Unverified, Uncultured) were removed. The database was clustered

by the CD-HIT program (Fu, Niu, Zhu, Wu, & Li, 2012) at 100%
identity to discard duplicate sequences. Because NCBI contains a
considerable number of erroneously annotated sequences, we
performed an additional filtering step. The database was clustered
again, but with a lower identity threshold (97%), to identify groups
of records of the same genus. The taxonomic composition of the
entries in the newly created clusters was analyzed and filtering was
performed. If more than 80% of the sequences belong to the same
taxon, and less than 20% to the other, the latter was removed from
the database as likely erroneous. Such filtering was carried out at
several taxonomic levels (from kingdom to family) and more than 5
thousand erroneous records were discarded. After (filtering
approximately 400,000 sequences of nrITS1, a similar procedure
was used for the nrITS2 sequences remaining in the database. To
ensure higher accuracy of the identification, the conservative se-
quences (rRNA gene fragments) that may erroneously align with
reads were removed from the database. To do this, multiple
alignment was performed, and conserved areas were identified and
removed. This operation separated nrITS1 and nrITS2 sequences
from rRNA genes. Final database includes more than 700,000 se-
quences, in total, of highly variable nrITS1 and nrITS2 markers of
plants and fungi.

2.4. Data analysis

The pipeline for data analysis consisted of 4 modules and was
developed based on the open source software: Blastn (Altschul,
Gish, Miller, Myers, & Lipman, 1990) for alignment of reads,
Prinseq-lite (Schmieder & Edwards, 2011) for reads filtering, cuta-
dapt (Martin, 2011) for trimming of primers and conserved regions,
and Biopython package (Cock et al., 2009) for fasta file processing.
First, the sequences were filtered according to the quality scores
and their lengths. Second, the primers and conserved regions of the
18s, 5.8s, and 28s rRNA genes were removed from the reads. Third,
filtered sequences were aligned by BLAST to the reference database,
and alignments with an E-value higher than 1e-30 and sequence
identity less than 90% were discarded. Fourth, the percentage
composition of the sample was identified up to the genus level by
summing up the alignments of the same species, considering only
those species to which 100 or more reads were aligned in total. If it
was impossible to reliably determine the genus, a higher taxonomic
level was chosen.

To estimate the similarity between replicates and the results
from different technologies, a Pearson correlation coefficient was
calculated using data on OTU abundances. Abundances lower than
1% in any of the replicates were discarded.

A plant genus was considered “found” if its abundance was
higher than 1% in at least 3 out of 4 replicates of the two sequencing
platforms.

2.5. Anatomo-morphological and palynological analysis

For macro- and microscopic analysis, the content of one
randomly selected teabag (2 g) was used. The material was first
examined using a stereomicroscope Olympus SZ61 (Olympus Corp.,
Japan), then prepared for microscopic investigation using a stan-
dard protocol: boiling in 5% sodium hydroxide and washing with
water (The State Pharmacopoeia of the Russian Federation, 2015;
Vandyshev, Babaeva, & Miroshnikova, 2017). Temporary slides in
glycerol were prepared to reveal specific anatomic characters,
which were observed using light microscopy Nikon Eclipse Ci
(Nikon, Japan). The pictures were taken with a Nikon DS-Vil
camera. Identification was carried out using the following sour-
ces: (Jakovlev, 2013; The State Pharmacopoeia of the Russian
Federation, 2015; Upton, Graff, Jolliffe, Langer, & Williamson,
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2016; Vandyshev et al., 2017). Additionally, the fragments of the
plants under investigation were compared with reference frag-
ments from the collection of the Department of Higher Plants,
Biological Faculty, Lomonosov Moscow State University.

For palynological analysis, 1g of the sample was dehydrated
with acetic acid for 12h and treated with acetolysis mixture
(Erdtman, 1960). Temporary slides in glycerol were prepared, and
the pollen count was performed on up to 500 pollen grains at 400X
magnification using a Nikon Eclipse Ci microscope (Nikon, Japan).
For identification of the pollen grains, atlases (Moore, Webb, &
Collinson, 1995; Reille, 1999) and databases (“Information System
on Plant Morphology and Anatomy,” 2018; “PalDat,” 2018) were
used.

3. Results
3.1. Sequence analysis

Each sample was sequenced on two HTS platforms - Illumina
and lon Torrent - in two replicates. The number of reads per sample
after filtering varied from 31,049 to 223,587, with 83% (Illumina)
and 75% (lon Torrent) of the samples having more than 100,000
total reads (see Table 2). Such sequencing depth is higher than in
recent studies on plant metabarcoding, e.g., (Bell et al., 2017; Sickel
et al., 2015). Among these reads, however, 3.6—62.7% were of fungal
origin and were excluded from the analysis. Then, 62—99% of reads
were classified to the genera using the selected threshold.

Each herbal tea contains from 11 to 12 botanical sources
declared by the manufacturer (in total, 32 different plants
belonging to 26 genera of 15 families). All negative controls showed
no traces of DNA and, therefore, were not sequenced. Analysis of
nrITS1 and nrITS2 barcodes of the samples was performed against a
local refined reference database (see Methods) and each hit was
assigned to a specific genus as a percentage of the total identified
reads for each sample.

For all six teas, the results produced with different technologies
are similar (Table 3). The discrepancies are confined to the low
abundance species. The correlation between replicates ranged from
0.55 to 0.96 (median correlation coefficient 0.89).

In all analyzed tea mixes, we found most of the components
declared by the manufacturer, though some components were
completely missing or present at a level below the threshold (<1%).
The missing components are shared between mixes - e.g., Valeriana
is claimed to be present in 5 mixes out of 6 and Crataegus in 6 mixes

Table 2
Number and proportion of the reads.

out of 6, but they are absent from all of them; Rosa is claimed to be
present in all mixes but was found only in half of them. Addition-
ally, 4 out of the 6 mixes have components undeclared by the
manufacturer, including Convolvulus and Polygonum, which appear
most frequently.

The most profound and unexpected deviation from the declared
composition is the presence of Lythrum instead of Epilobium in the
first tea mix. Though it was undeclared by the manufacturer,
Lythrum was found in significant amounts from 17.4% to 48.6% by
both sequencing platforms. The most widespread species of Lyth-
rum is L. salicaria. It is a medicinal plant and is a component of some
herbal tea compositions. Consensus nrITS1 and nrITS2 sequences of
Lythrum inferred from reads are not completely identical with
either L. salicaria or any other Lythrum nrITS sequences available in
the NCBI GenBank database, as nrITS1 and nrITS2 L. salicaria
(AY035749, AY035750, AF334772) showed 7% and 3% of Hamming
dissimilarity, respectively. Other Lythrum species showed 15—22%
and 3-22% of dissimilarity (AY905428, AY910747, MF964073,
AY910748). In order to perform the species-level assignment for the
undeclared component, we have sequenced and submitted to
GenBank nrITS sequences of several Lythrum species: L. salicaria
(MG975396), L. virgatum (MG975397), L. hyssopifolia (MG975399),
L. thymifolia (MG975400), L. tribracteatum (MG975398) and
L. junceum (MG975401). The species closest to the Mix1 undeclared
component in this set is L. salicaria (0% nrITS1 and 3% nrITS2
dissimilarity). While the sequences of L. salicaria are available in the
GenBank, they are of different origin (China) while our sample
(MG975396) is from Russia. This emphasizes the need for the
sampling of multiple specimens from the same species covering the
distribution range of this species. Other Lythrum species are much
more distant from Mix1 Lythrum (up to 15% and 6—9% divergence
for nrITS1 and nrITS2, respectively). E. angustifolium (JF976297,
JF976296, JF976295, JF976294, JF976293, EPL58SR) is 29% and 33%
distant from our sample sequence for nriTS1 and nrITS2, respec-
tively. Thus, the undeclared component is either L. salicaria or a
species very close to L. salicaria.

3.2. Botanical analysis

To test our findings based on metabarcoding with an indepen-
dent approach we performed palynological and anatomo-
morphological analysis for sample Mix1. The information on the
pollen found in sample Mix1 is presented in Table 4. Overall, it is
congruent with the results of DNA-based analysis. In particular, it

Sample Total number of reads Proportion of Proportion of Total number of reads Proportion of Proportion of
plant reads aligned plant reads aligned
ITS1 ITS2 ITS1 ITS2 ITS1 ITS2 ITS1 ITS2 ITS1 ITS2 ITS1 ITS2
[llumina replicate 1 [llumina replicate 2
Mix1 88099 45323 0.72 0.80 0.65 0.33 25679 5370 0.71 0.81 0.64 0.13
Mix2 99370 53177 0.86 0.87 0.64 0.34 70921 23741 0.97 0.96 0.59 0.2
Mix3 98526 47653 0.68 0.82 0.66 032 101263 33542 0.58 0.84 0.62 0.21
Mix4 89618 53327 0.77 0.84 0.62 0.37 108809 36896 0.72 0.91 0.65 0.22
Mix5 95169 59788 0.49 0.63 0.59 0.37 93095 35117 0.37 0.60 045 0.17
Mix6 106992 50573 0.62 0.78 0.67 032 57040 11283 0.88 0.88 0.68 0.13
Ion Torrent replicate 1 Ion Torrent replicate 2
Mix1 83450 34260 0.61 0.26 0.69 0.28 38715 13716 0.64 0.47 0.3 0.98
Mix2 103470 13777 0.79 0.26 0.87 0.12 84465 36832 0.75 0.67 0.36 0.98
Mix3 123961 14322 0.54 0.21 0.87 0.1 111406 64982 0.81 0.71 0.35 0.98
Mix4 46287 18201 0.67 0.27 0.7 0.28 80514 44379 0.74 0.71 0.43 0.98
Mix5 158988 64599 0.47 0.13 0.68 0.28 70411 55276 0.73 0.64 0.39 0.97
Mix6 60188 10413 0.58 0.28 0.84 0.14 82137 55082 0.58 0.45 0.39 0.98
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Genus found

[llumina #1 (%)

Illumina #2 (%)

Ion Torrent #1 (%)

Ion Torrent #2 (%)

nriTS1 median GC-content (%)

Mix1

Mentha 5.41 1.47 4.48 4.26 65.91
Thymus 8.02 4.06 6.83 5.63 58.26
Fragaria 2.87 0.45 2.32 2.08 66.54
Stevia 14.22 11.19 3.75 16.1 46.44
Hypericum 1.57 NA 1.46 1.56 59.18
Rosa 3.01 0.65 334 2.72 57.59
Calendula 7.41 1.21 2.14 4.01 59.92
Matricaria 20.36 13.37 30.18 17.51 46.04
declared but not found

Epilobium NA NA NA NA 52
Crataegus NA NA NA 0.19 66.39
Valeriana NA NA NA NA 64.55
Leonurus 2.2 0.32 0.84 1.58 65.82
non-declared but found

Lythrum 17.35 48.56 29.57 20.52 52.72
Urtica 3.52 121 4.39 5.71 49.48
Polygonum 3.92 2.58 2.78 3.67 62.92
Convolvulus 1.11 0.48 1.17 1.66 51.64
Mix2

Stevia 19.39 25.6 4.09 25.56 46.44
Rosa 4,61 2.05 3.68 5.15 57.59
Echinacea 4.37 0.91 347 4.55 47.13
Hypericum 5.08 0.99 4.73 5.53 59.18
Taraxacum 5.9 2.23 6 8.23 48.96
Salvia 13.94 7.02 8.47 9.39 65.38
Urtica 37.98 59.14 65.34 33.87 49.48
Leonurus 4.79 1.34 2.34 3.7 65.82
declared but not found

Juniperus NA NA NA NA 62.45
Fragaria 1.57 0.18 0.73 1.16 66.54
Crataegus 0.5 NA NA 0.09 66.39
Mix3

Mentha 3.5 1.94 4.61 2.64 65.91
Stevia 18.6 30.95 4.35 24.77 46.44
Fragaria 3.24 1.05 2.69 233 66.54
Thymus 14.25 23.47 21.47 14.35 58.26
Hypericum 3.8 1.14 4.54 3.74 59.18
Rosa 3.79 2.05 4.25 3.74 57.59
Tilia 5.29 2.06 1.06 3.45 62.29
Plantago 1.2 0.55 2.09 1.37 52.56
Leonurus 9.72 7.35 8.27 6.98 65.82
declared but not found

Crataegus 0.55 0.08 0.45 0.21 66.39
Valeriana 0.23 0.07 NA 0.1 64.55
non-declared but found

Convolvulus 9.56 15.07 17.21 10.89 51.64
Polygonum 4.82 2.9 5.34 2.56 62.92
Ambrosia 6.32 3.62 6.55 6.17 50
Betula 248 1.51 3.18 2.35 60.45
Origanum 1.56 1.39 2.78 1.66 57.27
Urtica 1.36 1.41 2.2 1.29 49.48
Halimocnemis 1.05 0.18 1.42 13 49.38
Mix4

Mentha 5.29 3.02 7.21 4.29 65.91
Origanum 7.38 6.93 12.46 7.14 57.27
Stevia 19.33 26.54 6.61 23.24 46.44
Thymus 7.83 8.4 11.04 7.44 58.26
Calendula 9.8 8.04 3.61 8.47 59.92
Salvia 13.58 15.54 12.78 10.99 65.38
Matricaria 20.85 23.51 36.59 18.5 46.04
Leonurus 343 117 2.26 3.04 65.82

(continued on next page)
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Genus found [llumina #1 (%)

[llumina #2 (%)

Ion Torrent #1 (%)

Ion Torrent #2 (%)

nriTS1 median GC-content (%)

declared but not found

Rosa 0.38 0.06 NA 0.41 57.59
Tilia 3.15 0.82 0.92 3.04 62.29
Crataegus 03 NA NA 0.09 66.39
Valeriana NA NA NA NA 64.55
non-declared but found

Convolvulus 2.1 1.49 3.12 2.6 51.64
Viola 1.14 0.25 1.61 1.64 64.43
Mix5

Humulus 3 291 3.59 3.8 57.29
Mentha 2.32 1.01 2.76 1.86 65.91
Thymus 1.66 0.65 1.84 1.39 58.26
Stevia 21.84 35.73 6.65 25.35 46.44
Matricaria 12.34 1037 1841 10.95 46.04
Leonurus 20.43 25.56 15.17 16.85 65.82
declared but not found

Tilia 2.18 0.68 0.54 221 62.29
Equisetum NA NA NA 0.18 67.08
Rosa 0.29 0.12 NA 0.24 57.59
Acorus NA NA NA NA 74.26
Crataegus 293 0.49 2.68 0.74 66.39
Valeriana NA NA NA 0.1 64.55
non-declared but found

Onobrychis 9.99 7.5 20.38 11.63 53.07
Polygonum 5.93 271 7.68 25 62.92
Ambrosia 4.85 2.94 5.02 5.32 50
Echinacea 25 1.24 239 2.81 4713
Convolvulus 1.6 1.12 2.61 1.92 51.64
Lythrum 1.36 1.52 2.23 1.74 52.72
Mix6

Achillea 10.52 2.79 9.26 9.57 45
Fragaria 4.06 0.53 2.14 3.34 66.54
Stevia 17.11 13.82 3.11 22.47 46.44
Capsella 413 2.82 413 6.97 52.75
Polygonum 241 35.41 24.25 17.34 62.92
Urtica 23.52 42.97 39.2 21.87 49.48
Leonurus 5.65 0.81 2.47 4.29 65.82
declared but not found

Equisetum NA NA NA NA 67.08
Rosa 0.83 NA NA 0.9 57.59
Crataegus 0.66 NA NA 0.14 66.39
Valeriana NA NA NA NA 64.55
Table 4

Pollen/spores found in sample Mix1 by palynological analysis.

Genus/family found

Number of pollen and spores found

Abundance in the sample (%)

Anthemis type (including Matricaria)

Hypericum type

Stachys sylvatica type (including Leonurus)

Lythrum salicaria type
Rosaceae
Calendula type

Mentha type (including Thymus, Mentha)

Pinus

Centaurea scabiosa type
Ambrosia type
Tilia
Chenopodiaceae
Umbelliferae
Asteroideae
Urtica

Betula

Alnus

Poaceae
Polypodiaceae
Fungal spores
Undetermined

138
160

N === W= AN~ DNWNNO

—_

24.6
28.5
8.6
9.1
12.7
59
1.6
0.4
0.4
0.5
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also reveals the substitution of Epilobium by Lythrum. These species
are easily distinguished by the morphology and size of their pollen
grains (see Supplementary Fig. 1).

At the quantitative level, the congruence between palynological
and metabarcoding results is not high. For example, pollen analysis
shows that Hypericum is the second major component, while the
metabarcoding abundance is low. Partly, this incongruence is due
to the obvious limitation of palynological analysis. Only species
collected in the flowering stage can be detected, and the quantity of
the pollen grains is not always proportional to the amount of
biomass of the component, but rather reflects the pollen produc-
tivity and differs between species, e.g., (Brostrom et al., 2008). This
may be due to the insufficient resolution, i.e., the species of related
genera cannot always be distinguished.

Anatomo-morphological analysis reveals the presence of all
declared components except for E. angustifolium, and the presence
of several undeclared components, including Lythrum (Table 5,
Supplementary Fig. 2).

It should be noted, however, that anatomo-morphological
analysis is confined to only the fraction of the sample composed
of plant parts, which retain taxon-specific characters and can be
reliably identified. This is not the case for the fine-ground, almost
homogenous fraction, which makes up approximately 65—70% of
the sample. As there are no accepted standards and criteria for
quantitative analysis of the herbal mixes, the amount of each
component was not determined.

4. Discussion

We have found that, despite the difference in sample prepara-
tion and sequencing principle, both technologies yield similar re-
sults, at least on qualitative level. Some sequence patterns may
cause errors during the Illumina sequencing process and the
probability of an error depends on the type of sequence pattern.
GGT (or GGGT) is the strongest motif, where the frequent error is at
the T, resulting in an incorrect G (Meacham et al., 2011). Other
authors demonstrated that the GGC (or GGGC) motif also influences
error frequencies, causing C/G substitution (Nakamura et al., 2011;
Schirmer et al., 2015). We analyzed the plant nrITS1/ITS2 database
used for the analysis of herbal teas in this work (approximately
340,000 sequences) and found that 240,000 sequences contain one
or more (up to five) GGGC motifs (see Supplementary Fig. 3a). At

Table 5
Plants found in sample Mix1 by anatomo-morphological analysis.

Genus/species Part

Declared components
Calendula officinalis L. flowers
Crataegus sp. fruits

Fragaria vesca L.
Hypericum sp.

Leonurus sp.

Matricaria chamomilla L.
Mentha x piperita L.
Rosa sp.

Stevia sp.

Thymus sp.

Valeriana officinalis L.
Non-declared components
Lythrum sp.

Plantago sp.

Poaceae

Polygonum sp.

Setaria sp.
Undetermined plants
Mineral fragments

leaves

leaves, flowers

stems, leaves, flowers

flowers, seeds at various degree of maturity
leaves

fruits

leaves

flowers, leaves (in question)

roots

flowers, leaves

leaves (two fragments per sample)
stems, leaves, flowers

leaves (few fragments)

seed (one)

stems, leaves

NA

least one GGGT motif was found in more than 100,000 queries and
only half of the nrITS1/ITS2 database plant sequences were free
from this motif (see Supplementary Fig. 3b). In the lon Torrent
technology the most common context specific error is the false
insertion or deletion in the homopolymer regions (Bragg et al.,
2013; Loman et al., 2012; Yeo et al., 2012). It occurs during base-
calling (a process of conversion of the raw signal from the
sequencer into a sequence of nucleotides). The indel error rates of
Ion Torrent increase markedly with the increase of the homopoly-
mer length (Laehnemann, Borkhardt, & McHardy, 2016). Analysis of
our plant nrITS1/ITS2 database sequences demonstrated that
~13.5% of sequences contain homopolymers with N=7 and
another portion (~1%) of sequences contain homopolymers with
N =8 (see Supplementary Fig. 2c). Notably, nrITS1 and nrITS2 se-
quences contain much fewer homopolymer regions than non-
coding plastid markers (Devey, Chase, & Clarkson, 2009; Fazekas,
Steeves, & Newmaster, 2010), which make them a better choice
for HTS-based metabarcoding, especially if semiconductor
sequencing is used.

Despite these differences in error profiles we found that the
intra-platform (for both Illumina and lon Torrent) and cross-
platform variation is similar. The underlying source of variation
between different runs of the same platform is unclear; presumably
it is caused by the stochastic dynamics of PCR and other reactions
that occur during sample preparation.

The most prominent incongruence between the composition
declared by the manufacturer and that found using metabarcoding
(supported by pollen and anatomy analysis) is the substitution of
Epilobium angustifolium with Lythrum in one of the mixes.
E. angustifolium and Lythrum are taxonomically far from one
another, belonging to different families. However, E. angustifolium
and some species of Lythrum (L. salicaria, L. virgatum) are quite
similar in their appearance (Fig. 1), and an inexperienced collector
can easily mix them up. Such substitution can be harmful to the
consumer's health. Young shoots of E. angustifolium are consumed
raw mixed with other greens or cooked. Its leaves could also be
dried, boiled and fermented to make ale or tea; it also has medical
uses to treat asthma, yeast infections, prostate, hemorrhoids and
diarrhea (Granica, Piwowarski, Czerwinska, & Kiss, 2014). This
plant species is traditionally used in Russia as a substitute or ad-
ditive for a common tea made of C. sinensis. This is even reflected in
its Russian common name - “Ivan-chai”, where “chai” translates as
tea. Lythrum (exactly L. salicaria) is a plant widely used in European
and Chinese traditional medicine (Piwowarski, Granica, & Kiss,
2015) as a remedy against gastrointestinal tract ailments. Its
extract is rich in polyphenolic compounds that display a wide range
of biological activities (Tunalier, Kosar, Kiipeli, Calis, & Baser, 2007),
some of which, however, are adverse, e.g., (Eck-Varanka et al.,
2015).

Other discrepancies between declared and inferred composition
consist of the absence of several plants - Crataegus, Valeriana, Eq-
uisetum, Juniperus, Acorus, and Rosa. Most of them are commonly
used medicinal plants, are widespread and easy to obtain. It is thus
unlikely that they are absent due to adulteration for economic
reasons. Regarding Equisetum, we suggest that it is explained by the
non-optimality of the primers. Indeed, based on the single com-
plete 18S rRNA gene sequence available for Equisetum (X78890,
E. robustum A. Braun ex Engelm.), only 14 nucleotides of ITS5
primers are complementary to the target. ITS2 and ITS3 primers
(which have the same annealing site but on different DNA strands)
have 3—5 mismatches and ITS4 has 2 mismatches. The inefficiency
of ITS primers from (White et al., 1990) to amplify nrITS2 was
already reported by (Saslis-Lagoudakis et al., 2015). This highlights
the need for new metabarcoding primers that are optimized for
plants. Acorus has a very high GC-content (from 69.6% to 75.7%,
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Fig. 1. a - Epilobium angustifolium, b - Lythrum virgatum.

which is among the top 10% highest in plants) in nrITS1 and nrITS2.
High GC-content is known to adversely affect PCR (even completely
blocking it); this requires special optimizations of the PCR protocol.
Additionally, GC-rich regions lead to a pronounced bias effect in
Illumina and Ion Torrent (PGM) sequencing technologies
(Laehnemann et al., 2016; Nakamura et al., 2011). Such errors can
obscure the taxonomic attribution of a read placing it in the un-
determined category. Thus, we suggest that Acorus and Equisetum
are absent due to the limitations of the experimental protocols.
Crataegus, Valeriana, Juniperus and Rosa are claimed to be presentin
many mixes (Valeriana in 5 out of 6, Crataegus and Rosa in all of
them) but are absent in all (Crataegus and Valeriana) or part (Rosa)
of them. Rosa was found in 3 out of 6 mixes, which indicates that
the issues with amplification, as described above, are not the case.
The part of the plant that should be present in mixes for Crataegus
and Rosa is fruit (and a fleshy berry-like cone for Juniperus). The
fruits are quite large (0.7—2 cm in diameter) and there is no indi-
cation on the label if the fruits were ground by the manufacturer
before packaging. If they were not ground sufficiently finely or not
ground at all, they could be distributed unevenly during the pack-
ing of tea bags and absent in the teabag taken for the analysis.
Crataegus and Rosa have been detected in the results of sequencing
for several mixes, but under threshold level and thus classified as
“not found”.

Another issue revealed by metabarcoding is the presence of
undeclared components. In addition to the Lythrum issue (dis-
cussed above), the most notable and most abundant of these
components is Convolvulus (bindweed). Many species of this genus
are invasive weeds. It was found in 4 mixes out of 6. Bindweed is a
creeping or climbing plant that binds around the stems of other
plants. The most common species, C. arvensis L., is toxic to animals
(and presumably, to humans) due to the presence of tropane al-
kaloids (Schultheiss, Knight, Traub-Dargatz, Todd, & Stermitz,
1995). Its occurrence in pastures causes gastrointestinal disorders
in horses (Todd, Stermitz, Schultheis, Knight, & Traub-Dargatz,

1995). Two of the analyzed herbal teas contain 4—6% of Ambrosia
(ragweed), and this plant was detected in three additional teas, but
at an abundance below the threshold. The most common species of
this genus is A. artemisiifolia L., which is a widespread invasive
weed; additionally, its pollen is highly allergenic (Taramarcaz,
Lambelet, Clot, Keimer, & Hauser, 2005). The presence of Ambro-
sia pollen in Mix1 was also verified by palynological analysis. The
most likely reason for the Convolvulus and Ambrosia presence in
herbal teas is the insufficient quality control of the collected raw
plant material that missed plants tangled with bindweed and
ragweed (or covered in its pollen). There are also less presented
undeclared components, namely, Polygonum, Viola, Urtica and
Echinacea, which are medicinal plants, including those used for
other herbal tea products from the same manufacturer. Most likely
their presence caused by cross-contamination during the produc-
tion process.

Compared to other methods involving the analysis of complex
plant mixes, in particular botanical analysis, which was used for one
of the samples in this study, HTS offers a fast, high resolution
method that is not limited by the type of the material or the degree
of its homogenization and is easily scalable to an industrial scale.
One of its major drawbacks is the price. It is still relatively high, but
in view of the trend for the reduction of sequencing costs, e.g.,
(“DNA Sequencing Costs,” 2017), this will not be the case in the near
future.

5. Conclusion

HTS technologies offer a rapid and reliable method for the
analysis of species composition in food and, although different in
preparation protocols, specifications and known systematic biases,
the two HTS platforms (Illumina and Ion Torrent) show similar
results in this work, both qualitatively and quantitatively. In
application to herbal teas, they show congruent results on the
substitution of declared components and the presence of unlabeled
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plants. However, there are certain challenges (see discussion on
Acorus and Equisetum) that require further development of exper-
imental and bioinformatic protocols to increase the resolution and
quantitativeness of HTS-based solutions for food quality analysis.
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