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ABSTRACT

About 7% of the U. S. population reports using botanical die-

tary supplements. Increased use of such supplements has led

to discussions related to their authenticity and quality. Re-

ports of adulteration with substandard materials or pharma-

ceuticals are of concern because such substitutions, whether

inadvertent or deliberate, may reduce the efficacy of specific

botanicals or lead to adverse events. Methods for verifying the

identity of botanicals include macroscopic and microscopic

examinations, chemical analysis, and DNA-based methods in-

cluding DNA barcoding. Macroscopic and microscopic exami-

nations may fail when a supplement consists of botanicals

that have been processed beyond the ability to provide mor-

phological characterizations. Chemical analysis of specific

marker compounds encounters problems when these com-

pounds are not distinct to a given species or when purified

reference standards are not available. Recent investigations

describing DNA barcoding analysis of botanical dietary sup-

plements have raised concerns about the authenticity of the

supplements themselves as well as the appropriateness of us-

ing DNA barcoding techniques with finished botanical prod-

ucts. We collected 112 market samples of frequently con-

sumed botanical dietary supplements of ginkgo, soy, valerian,

yohimbe, and St. Johnʼs wort and analyzed each for specific

chemical markers (i.e., flavonol glycosides, total isoflavones,

total valerenic acids, yohimbine, and hypericins, respectively).

We used traditional DNA barcoding techniques targeting the

nuclear ITS2 gene and the chloroplast gene psbA-trnH on the

same samples to determine the presence of DNA of the la-

belled ingredient. We compared the results obtained by both

methods to assess the contribution of each in determining the

identity of the samples.

Assessment of the Authenticity of Herbal Dietary Supplements:
Comparison of Chemical and DNA Barcoding Methods
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Introduction

A recent survey has shown that about half of adults in the U.S. re-
port that they used at least one dietary supplement within the
past thirty days [1, 2]. More specifically, about 7% of the survey
population reported use of botanical dietary supplements, with a
common reason for their use identified as “to improve overall
health” [1]. A recent survey on the use of complementary and al-
ternative medicine found that an estimated 40.6 million U.S.
adults used herbal preparations and supplements [3]. This in-
creased use of botanical supplements has led to intense discus-
sions related to their authenticity and quality [4]. Reports of adul-
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
teration of such products with materials of substandard quality or
with pharmaceuticals are of concern because such substitutions,
whether inadvertent or deliberate, may reduce the efficacy of spe-
cific products or lead to adverse events [5].

Dietary supplements marketed in the U. S. are regulated under
the Dietary Supplement Health and Education Act of 1994 [6].
Current Good Manufacturing Practices (CGMPs) for dietary sup-
plements [7] require that manufacturers establish and provide
verification that specifications are met for identity, purity,
strength, and composition of their dietary supplements. The
manufacturer is required to conduct at least one appropriate test
or examination to verify the identity of a dietary ingredient before
use in a supplement. Such tests may include any appropriate test
921
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with sufficient specificity to determine identity, including chemi-
cal and laboratory tests, gross organoleptic analysis, microscopic
identification, or analysis of constituent markers [7]. However, the
FDAʼs regulations do not list methods that must be used to meet
the manufacturerʼs established specifications on the grounds that
any such method could become obsolete [7]. This implies that
each botanical preparation may require a specific scientifically val-
id authentication method in order to provide the necessary proof
of compliance with this requirement [8]. The further implication
that methods deemed to be appropriate at a given time will con-
tinually evolve is inescapable.

Macroscopic and microscopic examinations are the classic
means of verifying the identity of fresh whole plants and plant
parts. In some cases, these techniques may also be applicable to
dried or processed plant material. However, under many circum-
stances, macroscopic or microscopic examinations will fail be-
cause a preparation consists of multicomponent powdered sam-
ples that have been processed beyond the ability to provide mor-
phological characterizations [9]. Use of alternate techniques be-
comes necessary in order to identify and authenticate such com-
plex samples. Chemical methods, such as HPLC, LC‑MS, GC‑MS,
HPTLC, etc., that measure specific “marker” compounds, which
are distinct for a given species, are widely used. However, the lack
of availability of commercial standards is a major limiting factor
that hinders the widespread adoption of such chemical methods
for authentication of botanical preparations [9]. Khan and Smillie
[9] provided examples of the types of efforts required to under-
stand the complexity of botanical samples and noted that the in-
tricacies involved in extracting, fractionating, isolating, and un-
ambiguously identifying constituents are often overlooked. In re-
cent years, the chemical fingerprinting techniques that use statis-
tical evaluation tools are increasingly applied to dietary supple-
ments. These methods often use chromatographic data from
HPLC, GC‑MS, or LC‑MS analysis or spectroscopic data from an
MS, NMR, UV, or IR experiment. A representative collection of au-
thentic plant samples are needed to develop a “fingerprint” for
authentication purposes, however this approach is best suited
for a single-component finished product.

Genetic fingerprinting and profiling are rapidly developing ap-
proaches to botanical identification [8,10]. The use of DNA-based
techniques to identify organisms by comparing a small portion of
their DNA sequence to a known sequence is well accepted in other
fields, including, among many others, biodiversity studies, food
authenticity, and monitoring of the illegal trade of animals/prod-
ucts [11]. Many researchers [12–14] have discussed DNA-based
identification techniques and their possible limitations for authen-
tication of plants used in herbal medicine and dietary supple-
ments.

Recent investigations describing DNA barcoding analysis of di-
etary supplements have raised concerns about the authenticity of
botanical dietary supplements themselves as well as the appropri-
ateness of using DNA barcoding techniques with finished botani-
cal products. Newmaster et al. [15] reported a DNA barcoding
study in which the rbcL and ITS2 gene regions were sequenced in
each of the 44 herbal products. Though they were able to produce
DNA barcodes for 91% of the products, 59% were found to con-
tain sequences of plants not listed on the product labels. New-
922
master et al. [15] also reported varying degrees of product substi-
tution, and the presence of fillers and contaminants in these prod-
ucts. Subsequent studies and critiques [14,16] brought attention
to the applicability of traditional DNA barcoding for analysis of fin-
ished dietary supplement products. Parveen et al. [14] noted that
problems can occur with regard to quality of DNA, primer affinity,
PCR amplification, sequencing of amplicons, and lack of appropri-
ate reference databases for comparison.

In this investigation, we collected 112 market samples of bo-
tanical dietary supplements labelled to contain ginkgo [Ginkgo bi-
loba L. (Ginkgoaceae)], soy [Glycine max L. Merr, (Fabaceae)], va-
lerian [Valeriana officinalis L. (Valerianaceae)], yohimbe [Pausinys-
talia johimbe K. Schum. (Rubiaceae)], and St. Johnʼs wort [Hyperi-
cum perforatum L. (Clusiaceae)]. We analyzed each for specific
chemical markers (i.e., flavonol glycosides, total isoflavones, total
valerenic acids, yohimbine, and hypericins, respectively) and used
traditional DNA barcoding targeting the nuclear ITS2 gene and
the chloroplast gene psbA-trnH to determine the presence of
DNA of the labelled ingredient. We compared the results obtained
by both methods to ascertain the relative contribution of each in
determining the identity of the samples.
Results and Discussion

All products carried the Supplement Facts label, which is required
for dietary supplements under U. S. dietary supplement labeling
regulations [17]. We selected products that belong to the most
frequently consumed categories and, where possible, listed single
ingredients and whose labels provided information on the content
of the marker compounds of interest. Ginkgo products (n = 20)
were labelled to contain ginkgo leaf or extract and two contained
other botanical ingredients (e.g., dong quai, cayenne, pine bark
extract, gotu kola). Labels of soy dietary supplements (n = 22)
stated the presence of soy isoflavones, soy, or soy germ extract
and one product also contained the botanical ingredient Radix pu-
erariae. Valerian supplements (n = 24) were labelled to contain va-
lerian root or valerian root extract and five were also labelled as
containing other botanical ingredients (e.g., passion flower, hops,
lemon balm). Yohimbe products (n = 23) were labelled as contain-
ing yohimbe bark, its extract, or pure yohimbine. St. Johnʼs wort
products (n = 23) were labelled as containing H. perforatum parts
(e.g., aerial parts, flowering tops, flowers) or H. perforatum ex-
tract.

The amounts of specific chemical marker compounds were not
always stated on product labels. While some products explicitly
stated the amount of marker compounds, e.g., “14.4mg flavone
glycosides” or “soy isoflavones 40mg”, for others, we estimated
the quantitative amounts of the marker compounds from the
amount of extract and percentage of marker compounds stated
on the label (Table S1, Supporting Information). The expected
amounts of marker compounds per serving were estimated from
the weights of tablets or capsules and from serving size state-
ments on product labels. The results obtained from the chemical
analyses are expressed as µg/g and as % of label claims (▶ Tables
1–5).
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
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Existing HPLC methods were adapted for the quantitative analysis
of specific marker compounds in five types of botanical dietary
supplements. The chemical structures of these markers can be
found in Fig. S1, Supporting Information. These methods were
rapid (run times < 20min), provided good linearity for the regres-
sion curves, and were highly reproducible. The purpose of this in-
vestigation was to use validated methods from the literature to
analyze samples rather than to develop new methods. We per-
formed spike recovery studies and analyzed NIST SRMʼs, when
available, to verify the performance of the methods. The results
of analysis of NIST SRMs provided evidence of the accuracy of
the methods for the specific marker compounds of interest (Table
S2, Supporting Information).

The HPLC method used for ginkgo supplements measured the
amounts of total glycosides based on the sum of the aglycones
quercetin, kaempferol, and isorhamnetin obtained following acid
hydrolysis. The correlation coefficients (R2) were > 0.999 for all an-
alytes in the range of 1 to 120 µg/mL. Recovery experiments were
conducted by spiking product 12 (▶ Table 1) with 2000 and
8000 µg/g each of quercetin and kaempferol, and 500 and
2000 µg/g of isorhamnetin. Recoveries (n = 4) for these analytes
were 80–88%.

Ginkgo-containing dietary supplements were labelled as con-
taining ginkgo extracts, dried leaf, or a combination of both. One
product was formulated as liposomes that were prepared from a
standardized gingko extract. Most of the products were labelled
as containing 24–26% flavonoids and 5–7% triterpenes. Nineteen
of the 20 products carried label statements for their flavonoid
contents (▶ Table 1) and claimed to provide 6–31mg flavonoids/
serving. Our HPLC analysis showed that these products would
provide 3–67mg flavonoids/serving. Thus, all of the products
met or exceeded their label statements for flavonoid content.

It has been reported that commercial ginkgo extracts may be
adulterated with other flavonoid- rich extracts to increase their
flavonoid content [18,19]. Chandra et al. [19] recommended the
combination of a qualitative determination of unhydrolyzed ex-
tracts as well as a quantitative analysis for total flavonol glyco-
sides, including quercetin/kaempferol/isorhamnetin ratios, in hy-
drolyzed extracts to establish or track the authenticity of extracts.
Similarly, Avula et al. [18] considered that measurement of the fla-
vonoid composition without a prior hydrolysis step is a good ana-
lytical approach because it can provide assurance that the supple-
ment has not been adulterated with either flavonol aglycones or
flavonol glycosides.

In addition to its requirement for the measurement of flavo-
noid glycosides, USP now also prescribes an assessment to deter-
mine adulteration of ginkgo with flavonoid-rich extracts. This
specification requires the calculation of the ratios of quercetin,
kaempferol, and isorhamnetin in the hydrolyzed extracts [20].
The ratio of the kaempferol peak to the quercetin peak should
not be less than 0.7 and the area of the peak of isorhamnetin
should not be less than 0.1 times the area of the quercetin peak.
Though none of our ginkgo products carried the USP seal, we an-
alyzed our results according to these new USP specifications and
found that 15 products appeared to have the specified flavonol
ratios while ratios in five products (4, 5, 12, 15, and 16) showed
deviations in one or both of the ratios (▶ Table 6).
924
Chandra et al. [19] suggested that ginkgo extracts could be
adulterated with extracts of Styphnolobium japonica (L.) Schott.
(Fabaceae), which is also known as Sophora japonica. S. japonica is
reported to contain the isoflavone genistein and its glycosides
[21]. Avula et al. [18] showed that authentic samples of ginkgo
do not contain genistein. Thus, the presence of genistein in gink-
go extracts is suggestive of adulteration with S. japonica. In order
to examine this parameter with our ginkgo supplements, we
modified our HPLC method by using the detection wavelength of
260 nm in addition to the primary wavelength of 370 nm. This
provided enhanced sensitivity for the detection of a genistein
peak if this were present in extracts of the supplements. The peak
for pure genistein appeared at 4.6min and we found that 16 of 20
products (80%) contained measureable concentrations of genis-
tein (▶ Table 6). The presence of genistein in these products was
further confirmed by LC‑MS/MS analysis with the genistein stan-
dard (Table S3, Supporting Information). We also determined
the presence of the ginkgo terpenes in all the products using the
HPLC-ELSD method described in Table S3, Supporting Informa-
tion. The presence of bilobalide, ginkgolides A–C, and ginkgolide
J was observed in all of the extracts of the products showing that
specific markers of ginkgo were found in all of the products (data
not shown). Avula et al. [18] also reported the presence of biloba-
lide and ginkgolides in all the ginkgo supplements they analyzed.

Chemical analyses of ginkgo products provide several means of
detecting potential adulteration. However, use of such methods
alone does not provide conclusive proof that adulteration has oc-
curred. Specifically, while quantitative analysis provides reliable
information on a productʼs flavonoid content, it does not provide
evidence as to whether flavonoid-rich extracts have been added
to bolster the flavonoid content. Use of a flavonol ratio analysis
on the same data provides additional information if the extracts
have been adulterated with non-ginkgo-containing extracts. In
the present study, while 16 products showed the presence of ge-
nistein, only five of those showed deviations in their flavonol ra-
tios. While an analysis to detect genistein provides information
suggestive of the addition of S. japonica extracts, it is in itself in-
sufficient to determine whether extracts other than S. japonica
have been added.

For the analysis of soy-containing dietary supplements, twelve
isoflavones that included the isoflavone glycosides genistin, daid-
zin, and glycitin, the aglycones genistein, daidzein, and glycitein,
and the acetyl- and malonyl-glycoside forms of genistein, daid-
zein, and glycitein were measured in 22 supplements. The meth-
od provided resolution of all peaks of interest. The R2 s were great-
er than 0.999 for all analytes in the range of 1.6 to 40 µg/mL. Re-
covery experiments were conducted by spiking product 13 (▶ Ta-
ble 2) with four concentrations, between 0.7 and 2.7mg/g, of the
six isoflavone standards. Recoveries (n = 4) of 94–109% were ob-
served. The method was further evaluated by analysis of NIST SRM
3238 (Soy-Containing Solid Oral Dosage Form). Our analysis
found mean values between 95 and 102% for these six analytes,
demonstrating the accuracy of the method for measurement of
the isoflavone content in our samples (Table S2, Supporting Infor-
mation).

While the labels of many of the dietary supplements in our
study listed a specific content of isoflavones, e.g., “soy isoflavones
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
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40mg”, others listed a weight of the extract that contained a spe-
cific percentage of isoflavones (e.g., “Soybean extract 1000mg,
standardized to contain 2.5–3.5% isoflavones”). Two products
did not make a specific statement on their labels regarding their
isoflavone content. In products that listed the amount of extract
containing a specific percentage of isoflavones, we estimated the
expected isoflavone content from label information. Label state-
ments of isoflavone content varied from 10 to 62mg/serving
(▶ Table 2). All products showed the presence of some combina-
tion of the 12 isoflavones used as standards in the analysis. Esti-
mated amounts of isoflavones ranged from 17.7 to 95.7mg/serv-
ing and from 61 to 275% of amounts declared on the product la-
bels (▶ Table 2). Eighteen of 20 products (90%) met or exceeded
the amounts of isoflavones listed on their labels. There are no
specifications for the amounts or types of individual isoflavones
that should be expected in isoflavone supplements. While the re-
lationship between total quantities analyzed and amounts de-
clared on product labels can be determined, conclusions that re-
late the label declarations to the specific isoflavone profiles found
in the products analyzed cannot be drawn.

The method used for analysis of valerian supplements mea-
sured the amounts of valerenic acid, hydroxyvalerenic acid, and
acetoxyvalerenic acid as total valerenic acids. A conversion factor
was used to estimate the amount of hydroxyvalerenic acid and
acetoxyvalerenic acid [22]. The method provided sufficient reso-
lution of the peaks when USP powdered valerian extract was ana-
lyzed. The method showed good correlation coefficients in the
concentration range of 0.5 to 133 µg/mL with R2 values > 0.999.
Recovery experiments conducted by spiking product 19 (▶ Table
3) with the valerenic acid standard at 50 µg/g and 125 µg/g con-
centrations showed recovery values of 94–97% (n = 4).

The dietary supplements of valerian were labeled to contain
root powder, extract of valerian root, or a combination of both.
While labels of some products stated the amount of valerenic acid
present, other labels stated the % of valerenic acids in the extract.
Among the 24 products analyzed, only one product, a combina-
tion of leaf material and extract, was found to be devoid of any
valerenic acids (▶ Table 3). In several cases, product labels were
not clear about whether the content information applied to valer-
enic acid itself or to total valerenic acids. For the purpose of con-
sistency, we treated the amount declared on product labels as to-
tal valerenic acids. The labels of 12 products (50%) did not include
any statements of their valerenic acid contents. Among the re-
maining twelve products, only one was found to contain total va-
lerenic acids at a concentration below the labelled amount. Most
products exceeded their label claims. Many products that ex-
ceeded the labelled concentrations contained both roots and ex-
tract. In these products, only the valerenic acid content of the ex-
tract was stated on the product labels.

For the quantification of yohimbine in yohimbe supplements,
we used the chromatographic conditions described by Lucas et
al. [23], which provided satisfactory separation of yohimbine from
other indole alkaloids in the samples. The injection of yohimbine
standards at various concentrations provided an acceptable linear
response in the range of 40 to 1060 µg/mL. R2 values were
> 0.999. Recovery experiments conducted by spiking product 19
926
(▶ Table 4) with 1.0mg/g and 1.5mg/g yohimbine (n = 4) pro-
vided recovery values between 84–90%.

Labels of dietary supplements of yohimbe stated that the
products contained yohimbe extract (14/23, 61%), pure yohim-
bine (8/23, 35%), or yohimbe bark (1/23, 4%). Labels of 20 of 23
products (87%) carried claims regarding their content of yohim-
bine and three did not (▶ Table 4). In products labelled as contain-
ing pure yohimbine, the labelled concentrations ranged from 2.5
to 5.1mg/serving. Results of our analysis showed that all 23 prod-
ucts contained yohimbine at concentrations ranging from 0.5–
12.4mg/serving. The yohimbine contents of the products ranged
from 9–150% of the labelled amount and 15 products (65%) met
or exceeded their label claims. Similar results were reported by
Cohen et al. [24]. Among a total of 49 yohimbine-containing sup-
plements, yohimbine contents were found to range from 0–
12.1mg per recommended serving/day. Analyzed contents
ranged from 23 to 147% of label statements for the 11 products
(22%) that listed a specific quantity of yohimbine on their labels
[24]. Lucas et al. [23] analyzed ten dietary supplements of yohim-
bine and found that three (30%) contained no detectable yohim-
bine. The highest concentration of yohimbine found was 29.5mg/
g in a capsule product [23]. The two bark samples included in the
study of Lucas et al. [23] contained 10.7 and 13.6mg/g yohim-
bine. A sample of authentic yohimbe bark from the American
Herbal Pharmacopeia analyzed in another study was found to con-
tain 13.95 ± 0.18mg/g yohimbine [25].

The USP method for powdered St. Johnʼs wort extract [26] was
adapted for use in extraction of hypericins from St. Johnʼs wort
supplements. Instead of using USP powdered St. Johnʼs wort for
calculation of hypericins, we used standard curves of hypericin to
calculate the amounts of hypericin and pseudohypericin in the
supplements. The method provided sufficient resolution of hyper-
icin and other eluted peaks. The method showed good correlation
coefficients with R2 values > 0.999. Recovery experiments con-
ducted by spiking product 20 with the hypericin standard at
125 µg/g and 500 µg/g provided recovery values (n = 4) of 83–
89%. The accuracy of the analysis of the NIST SRM 3264
St. Johnʼs wort methanol extract was 85% for hypericin and 110%
for pseudohypericin (Table S2, Supporting Information).

We analyzed 23 products for their total hypericin content
(▶ Table 5). Twelve products were formulated with St. Johnʼs wort
extract alone while five contained the flowers, herb, or aerial parts
of the plant. The remaining six products contained St. Johnʼs wort
extract and plant parts. Some extracts and plant part-containing
products were labelled as standardized to contain 0.3% hypericin.
Nineteen products (83%) were labelled with their hypericin con-
tent while the remaining four products (17%), which all contained
aerial plant parts, did not make claims for their hypericin content.
Only one product formulated with plant parts alone made a claim
for its hypericin content (0.3–0.5%).

HPLC analysis (▶ Table 5) showed that all products contained
hypericin in amounts ranging from 0.1 to 1.2mg/serving. Only
two products met their label claims, while two products con-
tained less than 10% of the labelled amount. Shah et al. [27] ana-
lyzed six commercial preparations of St. Johnʼs wort and found
that products contained 8 to 39% of the amounts of total hyper-
icin claimed on their labels. Stability studies indicated that the
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
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content of marker compounds decreased significantly with time
[27]. Results of the analysis of NIST SRM3264may also suggest sta-
bility issues for hypericin, but we have not pursued this rigorously.
Nevertheless, because of recognized stability issues, careful con-
sideration may be needed in interpreting % label claim values. In
our study, all of the products carried expiration or “best by” dates.
All products were analyzed within their stated expiration dates.

All supplements were subjected to DNA barcoding analysis.
Following their extraction, DNA was visualized on a 1.2% gel in or-
der to better understand the size of the DNA extracted from the
dietary supplements. Among the 112 samples analyzed, eight
(7.1%) had high molecular weight DNA over 10 kilo bases (kb),
four (3.6%) had DNA sizes of 2 kb, and 17 (15.0%) had frag-
mented DNA of < 500 bases. No DNA was visible on the gels for
the remaining 83 samples (74.1%). PCR is a very sensitive tech-
nique, however, and it is still possible for the reaction to work,
even if no DNA is visible on the gels. The sizes of DNA extracted
serve to illustrate that much of the DNA obtained from dietary
supplements may be fragmented into sizes that make it difficult
for full-length DNA barcoding to work well. The type of product
(capsules, tablets containing plant material, or extract) will also
make a difference in the success of DNA extraction. In cases where
DNA is highly fragmented, a “mini-barcoding” or next generation
sequencing (NGS) approach, which targets a smaller region, could
potentially be more successful. However, our goal in this manu-
script was to evaluate “traditional” DNA barcoding and thus, we
did not attempt to evaluate other DNA-based methods.

Six samples were initially used to compare two Qiagen extrac-
tion kits. Among the six samples, the Qiagen plant kit yielded two
PCR products and the Qiagen stool kit yielded three (data not
shown). Based on these results, the remainder of the samples
was extracted with the stool kit. Two primer sets were used for
amplification from these products. Over all, the psbA-trnH primer
set produced a greater number of amplifications (73, 65.2%) than
did the ITS2 region (62, 55.4%). In three cases, samples showed
the presence of DNA from another supplement in the study.
These samples were reextracted and resequenced to verify the re-
sults. In all three cases, the reruns were negative for DNA (data
not shown). All samples that were expected to contain plant ma-
terial (e.g., intact plant material rather than extracts) were reex-
tracted and rerun if they were found to be negative on the first
pass. In all of these cases, the results of the reruns were consistent
with those of the original findings (data not shown).

During the DNA barcoding analysis of Ginkgo (▶ Table 1) using
ITS2, 9/20 (45%) of samples were amplified with PCR, but no us-
able sequences were generated. When psbA-trnH was used, 14/20
(70%) of the samples were amplified and six usable sequences
were generated, ranging in length from 197–564 base pairs (bp).
Four of these were positive for Orzya sativa (rice), which was listed
on each of the labels, and two (products 2 and 4) were positive for
ginkgo DNA. These two were labelled as containing leaf material.
Our chemical analysis shows that product 2, which listed only leaf
on its label, did not show genistein, and its flavonol ratios were
found to be in the acceptable range (▶ Table 6).

The results show that, though DNA of G. biloba was not de-
tected in most of the ginkgo extract-containing supplements, all
extracts showed the presence of ginkgo flavonoids. These results
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
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are similar to those reported recently by Ivanova et al. [28] in
which the two samples of gingko extract-containing supplements
analyzed by NGS for the ITS2 region did not yield DNA sequence
data, while the expected chemical markers were observed during
LC‑MS analysis. In another investigation, which did not clearly de-
scribe the nature of the supplements, five of seven ginkgo supple-
ments showed the presence of G. biloba DNA using ITS2 and rbcL
primers [15].

The DNA barcoding analysis of soy-containing supplements
(▶ Table 2) showed that among 22 products, DNA from 19
(86%) was amplified by PCR using the ITS2 target. However, all
but one (463 bp in length) failed sequencing. Product 2 was pos-
itive for soy. Using the psbA-trnH target, 21 of 22 (95%) were am-
plified by PCR, yielding 18 sequences ranging in length from 169–
557 bp. Among these, 13 were found to be soy and five were
found to be rice, the latter of which was also listed on product la-
bels. In summary, 13 products (59%) showed evidence of soy
DNA. When a product label listed a rice component as an exci-
pient, the result of the DNA barcoding was rice (i.e., in five of six
products). We also observed that most of the products that were
labelled as containing concentrate or extract of soy germ showed
evidence of soy DNA.

During DNA barcoding analysis of valerian supplements, the
ITS2 target was amplified in 15/24 samples (63%). However, only
five of these could be sequenced and these sequences ranged in
length from 132–495 bp. Use of the target psbA-trnH provided
greater success in identification of Valeriana species. Twenty of
24 samples (83%) were amplified by PCR and 13 of those provided
usable sequence data with fragments ranging in length from 124–
574 bp. Five products were shown to contain DNA of Valeriana
species (▶ Table 3). One product showed evidence of the pres-
ence of Humulus lupulus L. (Cannabaceae), which was listed on
the product label. However, a number of products showed the
presence of plants such as Plantago species, Brassica oleracea L.
(Brassicaceae), and Lepidium virginicum L. (Brassicaceae), which
were not listed on their labels. We also observed, primarily with
use of the psbA-trnH target, the presence of rice DNA in six prod-
ucts among the eight products whose labels listed rice as an in-
gredient. The chemical markers of valerian were not found in
product 21, which showed the presence of L. virginicum DNA.

During DNA barcoding analysis of yohimbe supplements, we
found no evidence of the presence of yohimbe DNA in any of the
products (▶ Table 4). While the ITS2 target was amplified in five
of 23 samples (22%), none of the sequenced DNA led to identifi-
cations. Similarly, the psbA-trnH target was also amplified in seven
of 23 samples (30%), with three passing sequences ranging in
length from 561 to 577 bp. In only two samples was the DNA con-
clusively identified as that of rice. Rice was listed as an ingredient
in these products. Nine of the 23 products (39%) were labelled as
containing only pure yohimbine. Thus, we did not expect to iden-
tify DNA of P. johimbe in these samples. One sample of bark and
14 extract-containing products did not show evidence of DNA.
DNA analysis of any kind may not be the best tool to use for sup-
plements of yohimbe since such products contain either bark,
which is known to have low amounts of DNA [29], and/or extracts
from which it is often difficult to collect DNA [14].
930
Results of DNA barcoding of St. Johnʼs wort supplements
showed that, when compared with the other four botanicals in
our analysis, the ITS2 target provided more successful amplifica-
tion (15/23, 65%) and sequencing of H. perforatum DNA (six out
of eight sequences, 330–504 bp obtained) than did the psbA-trnH
target (13/23, 57%) amplifications. Of the 12 psbA-trnH se-
quences (135–573 bp) obtained from these amplifications, none
were determined to be H. perforatum (▶ Table 5). Use of the
psbA-trnH primer resulted in the identification of rice and other
undetermined plants (< 98% Genbank match) in the products.
Among the 23 products analyzed, only five (22%) showed evi-
dence of the presence of St. Johnʼs wort DNA (▶ Table 5). The in-
vestigation of Newmaster et al. [15] reported the presence of H.
perforatum DNA in three of five products they barcoded with
ITS2 and rbcL. However, it was not clear whether the products an-
alyzed by Newmaster et al. [15] contained extracts or plants parts.
The investigation of Ivanova et al. [28], which targeted the ITS2
gene using NGS, reported finding H. perforatum DNA in all three
of the supplements tested, whereas use of the Sanger sequencing
method found DNA in only one.

In the case of product 23 (▶ Table 5), our DNA analysis could
provide conclusive identification down to the species level be-
cause the two primers provided different results. We recorded a
99.9% match to H. perforatum using the ITS2 target and a 99.5%
match to H. punctatum using the psbA-trnH target. This result may
be due to the limitation of the database, to the quality of our DNA
sequence, or because these targets may not be the most appro-
priate for use in separating these two species. It has been re-
ported that H. perforatum and H. punctatum both contain anthra-
quinone compounds such as hypericin and pseudohypericin.
Thus, chemical analysis of the products will not be of help in de-
termining which of the two Hypericum species is present in a spe-
cific product [30]. Further investigation will be needed to deter-
mine whether St. Johnʼs wort supplements may be adulterated
by formulating them with a locally available and possibly cheaper
raw material such as H. punctatum.

Among the 112 botanical dietary supplement products that
we analyzed, 111 (99%) contained chemical marker(s) expected
from their label information. Ninety of the supplements (80.4%)
carried a quantitative label claim for specific markers and in 65 of
these (72.2%), the sum of the markers analyzed met or exceeded
the amounts claimed on product labels (▶ Table 7). In contrast,
results from the traditional DNA barcoding studies showed that
only 25 of the products (22%) showed evidence of the presence
of the botanical material named on the product label.

HPLC analysis showed that 99% of the dietary supplements an-
alyzed contained at least some of the expected marker com-
pounds. However, this does not mean that these products were
authentic because the presence of an expected marker may not
indicate the presence of the relevant extract or labelled plant ma-
terial. For example, our results with ginkgo products suggest that
not all of these products were authentic. We found flavonol ratios
outside of the expected ranges in seven of the ginkgo products
and 17 of the products were found to contain genistein. This find-
ing suggests the adulteration of ginkgo extracts to boost their fla-
vonoid contents. While chemical methods are widely used to ana-
lyze botanical supplement materials, the results must be critically
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
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evaluated and additional analyses may need to be applied in order
to avoid incorrect conclusions.

Chemical fingerprinting of botanical materials requires a signif-
icant investment in basic research to develop a truly representa-
tive set of authenticated specimens from multiple populations
but the resultant methods are invaluable in identifying and au-
thenticating botanical dietary supplements [8]. Utilization of sta-
tistical programs such as hierarchical cluster analysis or principal
component analysis to evaluate chromatograms (in full or in part)
of specific samples against a compiled population of authenti-
cated reference samples is a logical extension of phytochemical
fingerprinting. Such an approach has been described by Soares
and Scarminio [31] and Harnly et al. [32].

Much lower levels of successful identifications of the botanical
ingredient were observed in our set of samples using the DNA
barcoding method, with only 25 of the 112 products (22%) pro-
viding a positive identification. Soy supplements provided the
highest relative number of successful identifications (13/22,
59%) despite the fact that all were labelled as formulated with
soy extracts. Ginkgo supplements were primarily composed of ex-
tracts and positive identifications were made only in the cases of
two products labelled as containing leaf material. Valerian supple-
ments consisted largely of root material but failed to yield many
positive outcomes. DNA was not found in any of the yohimbe sup-
plements, many of which contained pure yohimbine or appeared
to contain highly processed extracts. Positive identifications were
made in only half of the St. Johnʼs wort supplements that were la-
belled to contain plant parts. Thus, attempts to predict the likely
success of DNA barcoding with a specific product may be frustrat-
ing because the mere presence of plant material may not result in
greater positive identification, while some extract-containing sup-
plements may retain sufficient DNA for a positive identification.

Traditional DNA barcoding may fail with finished dietary sup-
plement products because of fragmented or poor quality DNA or
lack of suitable primers [14]. In our work, we found many cases in
which amplification was not followed by the generation of usable
sequences. In such cases, the samples may have been mixtures of
several botanicals. This could arise from the inclusion of excipients
such as rice, or possibly from adulteration (whether incidental or
accidental). It should also be noted that the use of other gene tar-
gets could potentially provide more success in identifying the bo-
tanical species in dietary supplements. However, the targets cho-
sen for use in our studies had been successfully used in previous
studies of medicinal plants [41]. In addition, there may also have
been limitations of the database utilized for identification. For this
latter reason, the FDA is developing a publically available database
of chloroplast genomes derived from authenticated specimens.

Recently developed DNA-based methods might have been
more successful in the cases in which traditional DNA barcoding
was not effective. Little [33] used mini-barcodes and digital PCR
to separate filler DNA and possible G. biloba DNA in supplements
labelled as containing G. biloba leaf extract. They reported that us-
able DNA could be extracted from 30 of 32 samples (93.8%) la-
belled as containing G. biloba leaf extract. They also reported that
six of 37 supplements (16.2%) analyzed by their technique con-
tained fillers without any detectable G. biloba DNA [33] and made
the important point that their matK mini-barcode assay could not
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936



▶ Table 6 Calculated flavonol ratios and presence of genistein in
ginkgo supplements.

Sample HPLC analysis

Kaem/Quer
ratio

Isor/Quer
ratio

Genistein
detected

1 1.3 0.1 yes

2 0.7 0.2 no

3 0.8 0.1 yes

4 0.4 0.1 yes

5 0.4 0.1 yes

6 0.8 0.1 yes

7 0.8 0.2 yes

8 0.8 0.1 yes

9 0.8 0.1 yes

10 0.7 0.1 yes

11 1.1 0.2 no

12 0.2 0.0 yes

13 0.9 0.1 yes

14 0.9 0.1 yes

15 0.4 0.1 yes

16 0.2 0.0 yes

17 0.8 0.1 yes

18 1.0 0.4 yes

19 1.2 0.4 yes

20 1.0 0.3 no

Kaem, kaempferol; Quer, quercetin; isor, isorhamnetin. The ratios were
calculated from the peak areas of kaempferol, quercetin, and isorham-
netin. Genistein was measured at 260 nm
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distinguish between samples that did not contain any G. biloba
DNA and samples that contain G. biloba processed in a way that
rendered the G. biloba DNA incompatible with PCR.

Other authors have also recommended the use of short mini-
barcode (< 150bp) sequence libraries to increase the success of
identifying botanical species in highly processed herbal products
[13]. Use of digital PCR, NGS [34], or even small targeted PCR as-
says [35] may provide better success in attaining good quality se-
quences from highly processed extracts, products with frag-
mented DNA, or products containing multiple species. In the
many samples that appear to contain little or no DNA, alternative
extraction techniques may need to be investigated.

The work of Palhares et al. [36] illustrates the complexity of the
issue of authentication of botanical dietary supplements. Palhares
et al. investigated 257 samples of dried leaves, flowers, and roots
from eight distinct species of botanicals approved by the World
Health Organization for the production of medicinal herbs and
that were available in a Brazilian market. Results from DNA bar-
coding (matK, rbcL, and ITS2 regions) indicated the level of substi-
tutions might be as high as 71% [36]. Qualitative and quantitative
chemical analyses (TLC, HPLC, UV spectroscopy) revealed situa-
tions in which the correct species was being sold but the expected
chemical compounds were not present. To add further complex-
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
ity, some samples identified as substitutions contained chemical
compounds from the correct species at low concentrations. Pal-
hares et al. [36] proposed that DNA barcoding be used as a first
screening step in the authentication of medicinal plants because
substitutions could be discarded and the expense of subsequent
chemical analysis could be avoided.

Ivanova et al. [28] utilized both Sanger (i.e., traditional) and
NGS for taxonomic authentication of 15 herbal supplements rep-
resenting five medicinal plants (Echinacea purpurea, V. officinalis,
G. biloba, H. perforatum, and Trigonella foenum-graecum). This
work represents the first comprehensive evaluation of the per-
formance of NGS for DNA-based authentication of herbal natural
products. Based on the results of their studies, Ivanova et al. [28]
concluded that Sanger sequencing should not be used for testing
herbal dietary supplements because it is unable to resolved mixed
signals from samples containing multiple species. In cases in
which a contaminant template is preferentially amplified, Sanger
sequencing may detect only the contaminant DNA and lead to
biased or misleading outcomes. The NGS workflow described by
Ivanova et al. [28] enabled the simultaneous detection of plant
and fungal DNA. As such, their protocol can be utilized for screen-
ing for fungal contamination of raw botanical materials, quality
assurance of raw botanical materials, and for assessing the purity
of finished products [28].

To the best of our knowledge, this is the first study that com-
pared information on dietary supplement labels with results ob-
tained by chemical analyses and by traditional DNA barcoding.
As shown with ginkgo supplements, chemical methods are not
fully able to detect adulteration and there is a need to develop or
extend existing analytical approaches to identify unexpected
adulterants. Traditional DNA barcoding has been successful in
plant identification and identification of adulteration or substitu-
tions of botanical material with related or unrelated species. How-
ever, when applied to the analysis of finished products, traditional
DNA barcoding often shows limited success and may provide un-
reliable results. Both chemical methods of analysis and traditional
barcoding methods have been successful in appropriate circum-
stances of contributing to assessments of identity and authentic-
ity of botanical supplements. However, newer chemical analytical
approaches (e.g., principal component analysis) and use of mini-
barcodes or NGS show great promise and will be needed for ana-
lyzing complex botanical supplement products.
Material and Methods

Reagents and chemicals

HPLC grade acetonitrile, methanol, and water were purchased
from Thermo Fisher Scientific. Hypericin (90%), pseudohypericin
(95%), formic acid, anhydrous magnesium sulfate, and sodium
chloride were purchased from Sigma-Aldrich and phosphoric acid
from JT Baker. Reference standards (all 100%) for kaempferol,
quercetin, isorhamnetin, valerenic acid, yohimbine HCl, oxyben-
zone, diadzin, genistin, glycitin, diadzein, genistein, glycitein, and
apigenin were purchased from U. S. Pharmacopeial Convention.
Ginkgo terpene lactones (Lot I0K042), powdered St. Johnʼs wort
extract (Lot F0G245), and powered valerian extract (Lot F0L397)
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were also purchased from U. S. Pharmacopeial Convention. Soy-
containing solid oral dosage form [Standard Reference Material
(SRM) 3238], ginkgo-containing tablet (SRM 3248), G. biloba ex-
tract (SRM 3247), St. Johnʼs wort (H. perforatum L.), and methanol
extract (SRM 3264) were purchased from the National Institute of
Standards and Technology.

Dietary supplements

Dietary supplements of ginkgo were purchased from online ven-
dors between December 2014 and June 2015. Soy, valerian, yo-
himbe, and St. Johnʼs wort supplements were purchased online
between May 2015 and December 2015. The products (n = 112)
were in tablet or capsule form. Twenty tablets or capsules from
each bottle, representing at least 17% of its contents, were ana-
lyzed. Tablets were ground and mixed thoroughly to prepare a
composite. Capsules were emptied and their contents were thor-
oughly mixed in a mortar and pestle. The handling of test portions
of dietary supplement composites and of SRMs is described in Ta-
bles S2 and S3, Supporting Information.

Quantitative HPLC methods

Specific marker compounds in five types of botanical dietary sup-
plements were quantitatively measured using HPLC methods. Pre-
viously described quantitative HPLC methods for ginkgo [37], soy
isoflavones [38], valerian [22], yohimbine [39], and St. Johnʼs wort
[40] were adapted and their detailed description is provided in Ta-
ble S3, Supporting Information. The accuracy of the methods was
determined by calculating % recovery after spiking composites of
a single commercial product for each type of supplement within
the calibration range with standard compounds indicated in Table
S3, Supporting Information. The accuracy of the methods was
verified by analysis of NIST SRMs when available. Analyses were
performed in four independent replicates. Recoveries were calcu-
lated with the formula: Recovery (%) = (Cf – Cu/100 × Ca) where Ca

is the calculated concentration added to the test sample and Cf

and Cu are the concentrations of fortified and unfortified test
samples, respectively.

DNA barcoding

DNA extraction: A small (six samples) comparative study was per-
formed to evaluate the following DNA extraction kits: QIamp DNA
Stool mini-kit and the DNeasy Plant mini-kit (Qiagen, Inc.). In each
case, DNA was extracted from 25–75mg of homogenized sample.
The composite samples were the same as those used for the
chemical analyses. Following this preliminary evaluation, 133 ad-
ditional extractions, including some replicates, were carried out
using the QIAamp DNA Stool mini-kit. The manufacturerʼs in-
structions were followed for all samples. Negative controls were
included in each set of extractions (i.e., DNA extraction without
added dietary supplement material). After extraction, 5 µL of
DNA, 2 µL of 6 x Mass ruler DNA loading dye (Thermo Scientific),
and 13 µL of molecular grade water were combined from each
sample and run on a precast 1.2% agarose E‑gel with ethidium
bromide according to the manufacturerʼs protocol on the E-Base
Integrated power supply alongside a Fast Ruler High Range DNA
Ladder (both from Thermo Scientific) to evaluate DNA presence
and quality.
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
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Polymerase chain reaction (PCR): PCR Primers were selected
based on those known to have a high success rate with medicinal
plants [41]. These included the nuclear intergenic region ITS2:
S2 F-5′-ATGCGATACTTGGTGTGAAT‑3′/S3R‑5′-GACGCTTCTCCA-
GACTACAAT‑3′ [41] and the chloroplast intergenic region psbA-
trnH with the following primers: psbA-GTTATGCATGAACG-
TAATGCTC/trnH‑5′-CGCGCATGGTGGATTCACAATCC‑3′ [42,43].
The PCR cocktail consisted of 6.25 µL of 10% trehalose solution,
2 µL of molecular grade H2O, 1.25 µL of 10X PCR buffer, 0.625 µL
of 50mM MgCl2, 0.125 µL of 10 µM of both primers (each primer
set was run in separate reactions), 0.062 µL of 10mM dNTPs,
0.060 µL of PlatinumTaq (5 U/µL), and 1 µL of undiluted DNA tem-
plate/reaction (11.5 µL total). A PCR negative control, which con-
sisted of the PCR cocktail with no added DNA, and a positive con-
trol which was a previously extracted and successfully amplified
dietary supplement or spice, were included with all amplifications.
A Mastercycler ep gradient S thermocycler (Eppendorf) was used
for all PCRs with the following conditions: 94 °C for 5min; 35 cycles
of 94 °C for 1min; 50 °C for 1min; and 72 °C for 2min, with a final
extension at 72 °C for 7min, followed by a 4 °C hold. All extraction
negative controls were also run to confirm that there was no am-
plification. Amplification success was evaluated using a precast
1.2% agarose E‑gel with ethidium bromide according to the
manufacturerʼs protocol on the E-Base Integrated power supply
(Thermo Scientific). Gels were run for 5min and then visualized
using a G :box gel documentation system (Syngene).

PCR Cleanup and Sequencing Reaction: Any amplified PCR prod-
ucts were purified by adding 2 µL of Exosap-IT (Thermo Scientific)
to 5 µL of PCR product, and incubating at 37 °C for 15min, fol-
lowed by 15min at 80 °C. The same primers used for PCR amplifi-
cation were used for sequencing (described above). The amplified
products were prepared for sequencing using both the forward
and reverse primer in separate reactions. Each reaction contained
0.25 µL of BigDye Terminator v3.1 (Thermo Scientific), 1.875 µL of
5X sequencing buffer (Life Technologies), 5 µL of 10% trehalose,
1 µL of 10 µM primer, and 0.875 µL of molecular grade water, for
a total of 9 µL, to which 1 µL of purified PCR product was added.
The sequencing reaction was also performed on a Mastercycler
ep gradient S thermocycler with the following conditions: 96 °C
for 2min; 30 cycles of 96 °C for 30 s, 55 °C for 15 s; and 60 °C for
4min, followed by a 4 °C hold. Sequencing reaction products were
purified using a PERFORMA DTR V3 96-well short plate kit (Edge
Bio) and placed in 10 µL of Hi-Di formamide (Thermo Scientific).
The purification protocol was modified from the manufacturerʼs
instructions, following Handy et al. [44]. At this point, samples
were bidirectionally sequenced on an Applied Biosystems Genetic
Analyzer 3500 xL capillary sequencer.

Sequence processing: Sequence trace files (.ABI) files were im-
ported into the bioinformatics software Geneious Pro (v7.1.7, Bi-
omatters Ltd.) [45,46]. Bidirectional sequences were trimmed
and assembled into contigs if possible using the de novo assemble
function, the Geneious assembler, and the highest sensitivity/
slow setting. Sequences were trimmed for quality (error probabil-
ity limit 0.05 and trim from both 3′ and 5′ ends) and manually to
remove primer sites. Sequences below < 20% high quality (HQ) or
less than 120 bases were considered failures and not analyzed. Se-
quences that were either based on a single read and/or between
Pawar RS et al. Assessment of the… Planta Med 2017; 83: 921–936
20–50% HQ and/or > 2% ambiguous bases were labeled “low”
quality, from 51–80% HQ and/or 0.1–2% ambiguities were la-
beled “medium” quality, and those which were > 81% with no am-
biguities were labeled “high” quality. All trimmed DNA sequences
used for analysis can be found in Table S4, Supporting Informa-
tion, in FASTA format.

All passing sequences (low-high) were compared to the Na-
tional Center for Biotechnology Informationʼs (NCBI) Genbank da-
tabase through Geneious Pro, using the “Sequence Search” func-
tion with the following parameters: The non-redundant (nr) data-
base, using the program blastn, with the results listed in a hit ta-
ble, and the matching regions retrieved. The low complexity filter
and mask for lookup table were selected. The word size was 11,
the max E-value was 1 e−1, the Gap cost (Open Extend) was 5 2,
and the scoring (Match Mismatch) was set at 2–3. Ten hits were
retrieved in total. The highest percentage match was reported.
However, only matches of 98% or greater were considered accu-
rate.

Supporting information

Chemical structures, examples of estimation of concentrations of
marker compounds from label information, quantitative HPLC and
LC‑MS method information, and analysis of NIST botanical SRMs
and trimmed DNA sequences are available as Supporting Informa-
tion.
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