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Abstract

Premise: This study capitalized on a library of single-nucleotide polymorphisms
created via whole genome sequencing (WGS) to develop and test a PCR assay for
detecting toxic Digitalis species in food products. Complex foods can be difficult to
analyze, but safeguarding consumer well-being and public health necessitates that
products regulated by the U.S. Food and Drug Administration are contami-
nant free.

Methods: Ten pairs of PCR primers were designed, optimized, and tested against a
subset of vouchered specimens. Two primer sets were screened using 55 vouchered
Plantaginaceae species, complex food matrices, five different plant tissues, a dilution
series, and spiked food products with 0.5%, 1%, and 5% biomass of D. purpurea and
D. lanata.

Results: At optimized annealing temperatures, these primers amplified only Digitalis
spp- (5). Both primer sets could detect spikes of D. purpurea and D. lanata down to
0.5% biomass and across three orders of magnitude, as well as five tissue types of
D. purpurea.

Discussion: This study provides an enhanced DNA-based method for detecting
Digitalis in complex food products. This novel method of primer development from
WGS data lays the groundwork for a larger, more comprehensive panel for the rapid
identification of botanical contaminants that may pose risks to consumers.
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Numerous plants have evolved to produce toxic com-
pounds as a means of defense against herbivores and
predation, microorganisms, carbon cycling, and environ-
mental conditions (Bryant et al, 1983; Kocyigit
et al., 2023). Phytotoxins, such as abrin (Abrus precatorius
L., rosary pea), ricin (Ricinus communis L., castor bean),
and aconitine (Aconitum L., monkshood), are extremely
potent, with a few leaves or seeds capable of causing
human fatalities without prompt treatment (Worbs
et al., 2011; Karthikeyan and Amalnath, 2017; San Andrés

Larrea et al., 2024). While many phytotoxins are not quite
this dangerous, any introduction of toxic species into the
food supply can cause adverse health effects, and the rapid
detection of species of concern is critical. Due to the
globalized supply chain for bulk botanical materials, a
finished product may contain ingredients harvested all
over the world and sourced from dozens of different dis-
tributors. These ingredients are often milled, processed,
extracted, or otherwise devoid of morphological characters
by the time they reach the manufacturer, and more so by
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the time they reach the consumer. Therefore, DNA-based
identification methods are needed to ensure that consumer
products and their precursors are free from toxic species.
These methods should ideally be rapid, practical, and
scalable so that both raw materials and end products can
be screened simultaneously, and the sources of potential
botanical contamination promptly identified.

Incidents of adulteration of food products and dietary
supplements can arise due to intentional, economically
motivated adulteration (Khilare et al., 2019); misidentifica-
tion or accidental harvest (Slifman et al., 1998; Maffe
et al., 2009; Worbs et al,, 2011; Walker and Applequist,
2012; Boskabadi et al., 2021; Mutebi et al., 2022; Gafner
et al., 2023); or the inclusion of novel ingredients not gen-
erally recognized as safe (GRAS) by the U.S. Food and Drug
Administration (FDA) (Chan and Smith, 2023). These is-
sues can also extend to animal feed (Worbs et al., 2011; San
Andrés Larrea et al., 2024). Contamination with toxic plant
species most often occurs accidentally; incidents have arisen
from individuals foraging, buying mislabeled products from
boutique markets, or when toxic congeners or look-alikes
are mistakenly harvested alongside edible species (Slifman
et al., 1998). In this study, we specifically target the toxic
genus Digitalis L., building on previous research by Hunter
et al. (2021) that described the use of whole genome
sequencing (WGS) data to detect the presence of this taxon
in in silico mockups of dietary supplements.

Digitalis is a small genus of about 23 (Kreis, 2017) to 35
(World Flora Online, 2024) species in the family Planta-
ginaceae and is commonly known as foxglove. All but one
species in this genus has been found to produce cardiac
glycosides, specifically cardenolides, which act on the
heart (Kreis, 2017). These plants are popular ornamental
species and, as a result of human cultivation, are now
naturalized across much of North America in addition to
their large native range in Europe, Asia, and North Africa
(Kreis, 2017). While Digitalis has a long history of
medicinal use dating back to pharmaceutical work by
William Withering in the late 1700s, the therapeutic index
for the cardiac glycosides it produces is extremely narrow,
and it is known to cause a number of severe effects when
therapeutic levels are exceeded and toxicity ensues
(Cushny, 1925; Beller et al., 1971). These effects include
gastrointestinal symptoms, hyperkalemia, hallucinations,
delirium, weakness, fatigue, and severe cardiac manifes-
tations which can be lethal (Lapostolle and Borron, 2007;
Pincus, 2016). Digitalis has contaminated both dietary
supplements, when it was accidentally harvested alongside
Plantago L. (Slifman et al., 1998), and food products, when
it was mistaken for the leaves of the edible species Borago
officinalis L. (Maffé et al., 2009; Negroni et al., 2019),
Symphytum officinale L. (Lin et al., 2010), and Plantago
lanceolata L. (Castello et al., 2012).

Reliably determining the botanical elements of com-
plex matrices, such as dietary supplements or food
products, presents a significant methodological challenge.

These products are extremely varied in composition,
complexity, level of processing, fat and salt content, and
physical state. Because the residual DNA in highly pro-
cessed products can be fragmented and present in overall
low concentrations, it is important to have controls in
place to account for these obstacles. Despite these chal-
lenges, a variety of DNA-based identification methods
have been used to authenticate food products, and DNA
barcoding/metabarcoding as a means of identification has
been widely explored. However, universally conserved
priming targets in vertebrates, like those the FDA uses for
seafood identification (Handy et al.,, 2011), are typically
not discerning enough to be used independently in plants
(matK, rbcL, trnH-psbA, and ITS), so they are often used
in concert to improve taxonomic identification (Li
et al,, 2015). Metabarcoding a suite of target loci in a
mixed Dbotanical product requires next-generation
sequencing and subsequent complex downstream bioin-
formatic analyses to determine mixture components
(Coutinho Moraes et al., 2015; Ivanova et al., 2016).
Genome skimming and the use of chloroplast genomes as
a “super barcode” have also been explored to overcome
the limitations of barcoding and metabarcoding (Li
et al,, 2015; Zhang et al., 2017). While these methods have
value as untargeted, holistic approaches, they rely on
large, curated databases, struggle with highly degraded or
trace quantities of DNA, and are time consuming to
perform (Coutinho Moraes et al., 2015 Ivanova
et al., 2016; Breitwieser et al., 2019; Bohmann et al., 2020;
Pearman et al., 2020). In emergent situations, where
human health is at risk, fast assays for specific species of
concern, especially those that use simplified equipment
and inexpensive reagents, are valuable tools.

Hunter et al. (2021) leveraged a modified implementation
of Site Identification from Short Read Sequences (SISRS;
Schwartz et al., 2015) to identify Digitalis in simulated spiked
genome skimming data based on the case report described in
Slifman et al. (1998). The SISRS method is a reference-free
ortholog discovery pipeline, and its application is particularly
advantageous in taxa where reference genomes are limited,
including many toxin-producing plant species of potential
concern for the FDA. As of 2017, less than 1% of angio-
sperms were fully sequenced (Chen et al., 2018), and as of
2024, GenBank RefSeq still contains less than 1000
chromosome-level angiosperm assemblies (accessed 15 July
2024). Hunter et al. (2021) identified over 2 million
informative genus-level single-nucleotide polymorphisms
(SNPs) and thousands of species-specific SNPs that could
accurately distinguish Digitalis from closely related species in
the Plantaginaceae and among species within the genus in
simulated samples. Building on these compelling results, the
existing SISRS dataset was mined to develop a PCR assay to
rapidly screen for and identify Digitalis contamination in
complex botanical food mixtures, making identification of
potential adulterants faster and more viable for a variety
of users.
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METHODS
Primer design

Sequence data from Hunter et al. (2021) and publicly
available sequence data spanning seven genera in the family
Plantaginaceae (Digitalis, Plantago, Veronica L., Callitriche
L., Bacopa Aubl,, Littorella P.]. Bergius, and Gratiola L. for a
total of 32 individuals) were utilized to develop a suite of 10
primer pairs intended to be specific for Digitalis (Table 1).
This was conducted using the existing pangenome SNP
dataset from Hunter et al. (2021), generated using the SISRS
pipeline (Schwartz et al., 2015). This pipeline evenly sam-
pled WGS data from representatives of the Digitalis genus,
pooled it into a mixed species dataset, and assembled it
together to generate a single composite pangenome
assembly. The data were then filtered by mapping datasets
from closely related species in the family Plantaginaceae, as
well as the genus Digitalis, onto the pangenome assembly to
identify sites unique to the desired taxa at both the genus
and species level. Any sites with homozygous coverage and
sufficient read depth were called as fixed sites. All sites that

TABLE 1

were fixed at either the genus or species level were identified
as potential targets for primer design. To increase Digitalis
specificity, these data were filtered by removing any sites
with read coverage in non-Digitalis Plantaginaceae species,
resulting in 2.4 million Digitalis-specific SNPs and species-
specific Digitalis SNP datasets ranging from 6.6 to 101 kbp.

To identify genomic regions where presence/absence
PCR primers for Digitalis detection could be used, the da-
tasets were first assessed with BEDTools (Quinlan and
Hall, 2010) to identify 25-bp windows with high densities of
genus-specific SNPs. From these, paired regions that were a
suitable distance apart for PCR were identified and BED-
Tools was used to tally the number of species-specific SNPs
in the interval. This allowed for the identification of 86
intervals on 69 contigs where dense Digitalis-specific win-
dows were ~200-1000bp apart and contained species-
specific SNPs. These data were loaded into Geneious Prime
(version 2023.1; https://www.geneious.com), and using dif-
ferent colors for each species, regions with high SNP vari-
ance were visually identified. Of the 86 computationally
identified regions, 10 were compatible with primer design in
areas surrounding high numbers of species-specific SNPs

Novel nuclear primers (RAL01-RAL10) for Digitalis identification developed and tested for this study, including primer sequences, predicted

amplicon length based on the SISRS composite genome, and the number of species-informative SNPs predicted per amplicon. Selected primers RAL08 and

RAL10 are shown in bold.

No. of SNPs predicted per amplicon

Primer Amplicon

name Primer sequences (5'-3") length (bp)  D. ferruginea  D. grandiflora  D. lanata  D. lutea  D. purpurea
RALO1 F AATGTTGCTGCAATCTGCA 802 2 5 3 2 7
RALO1 R GAAGCGCATTGTTGAAGC

RALO2 F CATGAGCTGAGGACAATGAT 839 2 4 1 1 25
RALO2 R GATACTATAACAGAGCCGCTG

RALO3 F TCCATCGCATCTAGAACTTC 352 1 2 0 3 13
RALO3 R ATTCATTGCAGCAAAACCAA

RALO4 F AAGAGTGAGAAAGGAACAA 625 2 4 2 1 5
RALO4 R TCAAAAGGATATGAGTTTGTTA

RALO5 F GATTAGGACATACTTCAGCAGAG 922 2 1 3 3 31
RALO5 R GACAATTTTGCCTAGATGAAATTAG

RALO6 F CTATTTCAATCCTAGCTCGTCA 823 2 3 2 1 13
RALO6 R TCTAGTGCTTCTGTGGCTAA

RALO7 F TTGCATTCCAATTGCATAG 844 1 0 3 1 7
RALO7 R ATGATTGCTCTGGATTCTGC

RALO8 F AGGCTTTTCTCGCTITAGTATC 688 11 1 3 2 8
RALO8 R CCTTGCCTCTAAACTTTATCTTC

RALO9 F TTGGTTCGTAGACTGAAAGC 224 0 0 2 0 9
RAL09 R GAGGTTGAACAGCCAAGTC

RAL10 F GTGTTCCTAGGATATGGTTTTGT 211 2 2 1 0 5

RAL10 R AAGTGGCATGCAGTTGATT
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(Table 1). These 10 primer pairs were purchased from
Integrated DNA Technologies (Coralville, Iowa, USA) and
diluted to a working stock of 10 uM when received.

Voucher collection and extraction

Sixty-two individuals representing 15 genera and 46 species
across a broad range of the Plantaginaceae family (Figure 1)

Digitalideae
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were obtained from the New York Botanical Garden
(NYBG), Seaberry Farm, the National Center for Natural
Products Research (NCNPR), the Smithsonian Institution's
National Museum of Natural History (Botany Department),
University of Rhode Island's Heber W. Youngken Medicinal
Garden (URI), and Green Farmacy Garden. One sample was
collected in Placita, Colorado, USA, by one of the authors
(JL.W.) (Table 2). These included a total of 12 re-
presentatives of Digitalis, including one each of D.
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Relative size and phylogenetic distribution of taxa used to validate Digitalis primers designed for this study. (A) The relative sizes of the

12 tribes of Plantaginaceae represented in a normalized bubble plot based on the number of genera in each tribe. (B) FastTree ITS2 gene tree showing the
12 tribes of Plantaginaceae and a band obtained for each genus using the rbcL control primers, and the RAL10 and RALO8 primers designed and validated in

this study.
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TABLE 2 List of the voucher specimens used as part of this study, including their identifier, scientific name, source, and columns indicating positive or
negative PCR results (band or no band) for the rbcL primer set, RALO8 primer set, and RAL10 primer set.

ID Species Source rbcL RALO08 RAL10
NYBG_2761026 Adenosma glutinosa var. caerulea (R.Br.) Tsoong NYBG + - -
NYBG_1283229 Angelonia angustifolia Benth. NYBG + - -
NYBG_1284644 Bacopa monnieri (L.) Wettst. NYBG + - -
NYBG_2756319 Bacopa monnieri (L.) Wettst. NYBG + - -
NYBG_1125745 Callitriche heterophylla Pursh NYBG + - -
NYBG_1120822 Callitriche stagnalis Scop. NYBG - NA NA
NYBG_1283494 Chelone glabra L. NYBG + - -
NYBG_1120544 Digitalis ferruginea L. NYBG + + +
NYBG_1124823 Digitalis ferruginea L. NYBG - NA NA
NCNPR #9899 Digitalis ferruginea L. NCNPR + + +
NYBG_1120780 Digitalis ferruginea L. NYBG - NA NA
NYBG_1120013 Digitalis grandiflora Mill. NYBG + + +
GF_20 Digitalis lanata Ehrh. Green Farmacy Garden + + +
NCNPR #23694 Digitalis lanata Ehrh. NCNPR + + +
URI10 Digitalis lutea L. URI Medicinal Garden + + +
NCNPR #1603 Digitalis purpurea L. NCNPR + + +
Camelot Cream-1 Digitalis purpurea L. Seaberry Farm + + +
Camelot Lavender-1 Digitalis purpurea L. Seaberry Farm + + +
Digitalis Alba-1 Digitalis purpurea L. Seaberry Farm + + +
Lavender Carousel-1 Digitalis purpurea L. Seaberry Farm + + +
Primrose Carousel-1 Digitalis purpurea L. Seaberry Farm + + +
Apricot Beauty-1 Digitalis purpurea L. Seaberry Farm + + +
NYBG_1121451 Gratiola ramosa Walter NYBG + - -
Wen 17756 Hippuris vulgaris L. Smithsonian + - -
NYBG_1120228 Linaria canadensis (L.) Dum.Cours. NYBG + - -
NYBG_2757124 Linaria vulgaris Mill. NYBG + - -
Wen 17313 Mecardonia acuminata (Walter) Small Smithsonian + - -
NYBG_1125042 Mecardonia acuminata (Walter) Small NYBG + - -
NYBG_2758543 Nuttallanthus canadensis (L.) D.A. Sutton NYBG + - -
NYBG_1122553 Penstemon digitalis Nutt. ex Sims NYBG + - -
NYBG_1122550 Penstemon digitalis Nutt. ex Sims NYBG + - -
NYBG_2758238 Plantago arenaria L. NYBG + - -
NYBG_1281969 Plantago aristata Michx. NYBG + - -
NYBG_1276287 Plantago erecta E. Morris NYBG + - -
NYBG_1283601 Plantago helleri Small NYBG - NA NA
NYBG_1281903 Plantago lanceolata L. NYBG + - -
NYBG_1122903 Plantago lanceolata L. NYBG + - -
NYBG_2757108 Plantago major L. NYBG + - -

(Continues)
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TABLE 2 (Continued)

ID Species Source rbcL RALO8 RAL10
NYBG_2930491 Plantago major L. NYBG + - -
NYBG_1125344 Plantago maritima L. NYBG + - -
NYBG_1120571 Plantago media L. NYBG - NA NA
NYBG_1283128 Plantago patagonica Jacq. NYBG + - -
NYBG_1283665 Plantago rhodosperma Decne. NYBG - NA NA
Wen 12971 Plantago rugelii Decne. Smithsonian + - -
NYBG_1125906 Plantago rugelii Decne. NYBG + - -
NYBG_1282012 Plantago virginica L. NYBG + - -
NYBG_2756357 Scoparia dulcis L. NYBG + - -
NYBG_1281521 Veronica anagallis-aquatica L. NYBG + - -
NYBG_2758066 Veronica arvensis L. NYBG + - -
NYBG_1282507 Veronica chamaedrys L. NYBG + - -
NYBG_1124646 Veronica gentianoides Vahl NYBG + - -
NYBG_2758305 Veronica hederifolia L. NYBG + - -
NYBG_1120762 Veronica liwanensis K. Koch NYBG - NA NA
NYBG_1120580 Veronica nigricans K. Koch NYBG - NA NA
NYBG_2759029 Veronica officinalis L. NYBG + - -
NYBG_2758064 Veronica peregrina var. peregrina det. D.E. Atha NYBG + - -
NYBG_2758183 Veronica persica Poir. NYBG + - -
NYBG_1282047 Veronica polita Fr. NYBG + - -
NYBG_2757191 Veronica scutellata L. NYBG + - -
NYBG_2757982 Veronica serpyllifolia var. serpyllifolia det. D.E. Atha NYBG + - -
NYBG_1282819 Veronica spicata L. NYBG + - -
NYBG_1120464 Veronica telephiifolia Vahl NYBG + - -

Wolny2024_PS Penstemon strictus Benth.

Placita, Colorado, USA

Note: NA, not applicable; NCNPR, National Center for Natural Products Research; NYBG, New York Botanical Garden.

ferruginea L., D. grandiflora Mill., and D. lutea L.; two of D.
lanata Ehrh.; and seven of D. purpurea L. The D. purpurea
representatives included six cultivars: ‘Camelot Cream’,
‘Camelot Lavender’, ‘Alba’, ‘Lavender Carousel’, ‘Primrose
Carousel’, and ‘Apricot Beauty’.

Leaves and flowers from the fresh cultivars of D. purpurea
collected from Seaberry Farm were dried using a large-scale
plant press comprising two wooden pallets, several layers of
cardboard and paper, and ratchet straps. Additional weight
was added to the top of the press to provide sufficient
pressure, and a fan was run in the vicinity to ensure adequate
ventilation of the fully loaded press. Individual plant speci-
mens were evenly spaced and marked on each layer. Samples
were pressed for approximately eight weeks and then bagged
and stored at 4°C on silica gel. Similar methods were em-
ployed to dry the Penstemon strictus Benth. material collected
in Colorado. The plant material from NYBG, NCNPR, URI,

and the Smithsonian arrived dried and ready for use; these
samples were stored at —20°C until used.

DNA was extracted from the 62 voucher samples using a
Qiagen DNeasy Plant Mini Kit (Qiagen, Germantown,
Maryland, USA) and quantified on an Invitrogen Qubit
fluorometer (Invitrogen, Waltham, Massachusetts, USA).

Primer selection and specificity

For all PCR assays, the Invitrogen Platinum Taq DNA Poly-
merase kit was used along with trehalose as described in Handy
et al. (2011). Each reaction contained 6.25 pL of 10% trehalose
solution, 2 L of double-distilled H,O, 1.25puL of 10x PCR
buffer, 0.625 uL of 50 mM MgCl,, 0.125 pL of 10 uM of both
primers, 0.062 puL of 10 mM dNTPs, 0.060 uL of Platinum Tag
(5 U/uL), and 1 pL of undiluted DNA template (unless noted)
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per reaction, for a total volume of 11.5pL. In all sets of
reactions, positive controls and both extraction and PCR neg-
ative controls were used. An Eppendorf Mastercycler ep gra-
dient S thermocycler (Eppendorf North America, Enfield,
Connecticut, USA) or a Bio-Rad T100 Thermal Cycler (Bio-
Rad, Hercules, California, USA) was used for each PCR. A
general rbcL primer set (rbcLaF/rbcLaR; Fazekas et al., 2008) or
general ITS2 primer set (S2F/S3R; Chen et al., 2010) was used
to ensure the DNA samples contained uninhibited, amplifiable
DNA. Thermocycler conditions used for these primer sets are
detailed in Table 3. The Digitalis-specific primer sets were all
run on the same basic set of cycles with a range of annealing
temperatures determined by the gradient tests described below.
Products were verified using Invitrogen precast 2% E-gel aga-
rose gels according to the manufacturer's protocols with the
E-Base Integrated power supply. Gels were run for 5-15 min
and then visualized using a Syngene G:BOX Chemi XRQ
imaging system (Syngene USA, Iselin, New Jersey, USA).

Before running the larger sample sets, an annealing tem-
perature gradient was run on all primer pairs to determine ideal
annealing temperatures. In this set of reactions, the extracted
DNA of D. purpurea ‘Alba’ was used as a template and the
range of annealing temperatures tested ranged from 50-60°C; a
subsequent gradient was conducted with D. purpurea ‘Camelot
Lavender’. Next, a subset of individuals that included up to
three Digitalis species and two other non-Digitalis Plantagina-
ceae species were tested to examine primer pair performance.

Successfully extracted members of the Plantaginaceae
family were first screened for amplifiable DNA using rbcL
primers as described above. Following this, all remaining
individuals from the Plantaginaceae family were tested for
specificity using the selected primer sets at their optimal
annealing temperatures (Table 3).

In addition to testing these closely related individuals,
the primers were also evaluated for specificity using 13
mixed botanical consumer products including spices and
teas representing a wide array of taxa (Appendix S1). These
consumer products were extracted using a Qiagen DNeasy
Plant Mini Kit and quantified on an Invitrogen Qubit fluo-
rometer. The full list of ingredients included 69 botanically
derived, non-Plantaginaceae ingredients. These 13 samples
were also amplified with the general rbcL primer set used
with the voucher samples to confirm PCR viability. A blend
of two of these products (EM-27 and EM-28) was also used
in the spiking experiments described below.

TABLE 3

Clean up and sequencing of RAL0O8 amplicons

While the PCR assay was designed to be genus specific, the
primer set RALO8 was additionally designed to allow for
species-level identification with sequencing, if desired. While
this was the intention of the design of the primer set using the
WGS data (Table 1), it needed to be tested by bidirectionally
sequencing the RALO8 amplicons generated from Digitalis
species vouchers. To accomplish this, the PCR products from
the Digitalis vouchers were cleaned by adding 2 puL of ExoSAP-
IT (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
to 5L of PCR product and incubating on a thermocycler at
37°C for 15 min, followed by 15 min at 80°C. Subsequently, the
cleaned products were added to a sequencing reaction in the
following mix: 0.25uL of BigDye Terminator v3.1 (Thermo
Fisher Scientific); 1.875 pL of 5x sequencing bufter; 5 uL of 10%
trehalose; 1 uL of 10 uM primer (either RALOSF or RALOSR);
and 0.875 pL of molecular-grade water, for a total of 9 uL, and
1 uL of cleaned-up PCR product. At a minimum, one repre-
sentative of each species was selected, and sequencing reaction
products were purified as illustrated in Handy et al. (2011)
using the EdgeBio Performa DTR short-well plate kit (Edge Bio
Systems, Gaithersburg, Maryland, USA). Purified samples were
placed on a Sanger ABI 3500 instrument (Applied Biosystems,
Waltham, Massachusetts, USA) and bidirectionally sequenced.

The sequences were processed using Geneious Prime
version 2023.1. First, reads were combined into contigs that
were trimmed and edited manually to remove primer
sequences and ambiguous bases at the sequence ends, then
aligned using the MUSCLE plugin for Geneious Prime
(version 5.1; http://www.drive5.com/muscle/), and phylo-
genetic trees were generated using the unweighted pair
group method with arithmetic mean (UPGMA) in RAxXML
(Stamatakis, 2014) (Figure 2). The UPGMA tree was boot-
strapped 1000 times. RAXML was run with the GTR
+GAMMA model using rapid bootstrapping parameters (-f
a, -x) and 100 distinct starting trees (-N 100).

Ruggedness testing

A series of ruggedness experiments was designed to test the
abilities and limitations of the assay with the chosen primer
sets. Various tissues including flower, stem, seed pod, leaf,
and roots of D. purpurea (two cultivars, ‘Alba’ and ‘Camelot

Final primer cycles for the control targets rbcL (rbcLaF/rbcLaR) and ITS2 (S2F/S3R), as well as the general cycle and range of annealing

temperatures (*) used to test all RAL primers in this study and the specific cycles optimized for the chosen primer sets RAL0O8 and RAL10.

Name Initial denaturing Denaturing and annealing cycle Final extension Hold Source
rbcLaF/rbcLaR 96°C/3 min (94°C/1 min 50°C/1 min 72°C/1 min) X 35 72°C/5 min 12°C Fazekas et al. (2008)
S2F/S3R 94°C/5 min (94°C/30's 56°C/30's 72°C/45s) x 40 72°C/10 min 12°C Chen et al. (2010)
General RAL F/RAL R 95°C/3 min (95°C/30's *58-60°C/30's 72°C/1 min) x 35 72°C/5 min 12°C This study

RAL10 F/RAL10 R 95°C/3 min (95°C/30's 56°C/30s 72°C/1 m) x 35 72°C/5 min 12°C This study

RALO8 F/RAL0O8 R 95°C/3 min (95°C/30 s 60°C/30's 72°C/1 min) x 35 72°C/5 min 12°C This study
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FIGURE 2

Digitalis RALO8 UPGMA tree with overlaid RAXML support values. The UPGMA bootstraps are shown on the left and the RAXML

bootstraps are on the right. The alignment used to generate the tree is shown below, with windows 1-4 showing the four degenerate bases present in
D. purpurea ‘Alba’ in the alignment of all the D. purpurea cultivars tested. Window 5 shows the 55-bp deletion specific to the D. purpurea branch of this tree

and window 6 shows the 13-bp deletion specific to D. ferruginea.

Lavender’) were tested to discern any variation in extraction
efficiency or quality of the DNA template. In addition to the
specificity testing described above, the primers were tested
with two species of Digitalis (D. lanata and D. purpurea) via
a spike experiment and a serial dilution experiment to
illustrate both assay sensitivity and the limit of detection.

Tissue tests

To confirm that the extraction protocol and primers worked
on all tissue types, previously extracted leaf tissues from D.
purpurea ‘Camelot Lavender’ and D. purpurea ‘Alba’ were

used as positive controls for this experiment, which also
included DNA extractions from stems, seed pods, flowers,
and roots from the same two cultivars. These tissues were
extracted using the Qiagen DNeasy Plant Mini Kit, quan-
tified with a Qubit fluorometer, and amplified with RALO8
and RAL10 in a PCR as described above.

Leaf spikes and sensitivity testing
To test the sensitivity of the PCR primers in commercial

products, leaf tissue of D. purpurea ‘Camelot Lavender’ (ground
using an IKA Tube Mill 100 [IKA Works, Wilmington, North
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Carolina, USA] at 5000rpm for 1.5min) and D. lanata
(previously ground at NCNPR) were spiked into a blended food
sample matrix made from a mixture of two of the 13 com-
mercial products (EM-27 and EM-28) previously used to test
for primer specificity (Appendix S1). The listed ingredients in
this matrix blend of commercial products included: marjoram,
basil, rosemary, thyme, oregano, savory, sage, onion, garlic,
black pepper, red bell pepper, tomato, corn derivatives, sun-
flower oil, vinegar, parsley, and turmeric extract. These products
were blended using an IKA Tube Mill 100 until finely ground
(5000 rpm for 35 s for two cycles in two IKA vessels), combined,
and rotated at 30 rpm for 1 h to mix. The species for the Dig-
italis spikes were chosen because large amounts of tissue were
available and because these species were noted in the literature
to have contaminated foods and dietary supplements. Spikes
were made by combining 6.5g of the commercial product
matrix with 0%, 0.5%, 1%, and 5% biomass by dry weight of
each species (separately). Duplicate samples of 200 mg were
extracted on two different days from each mix, using the Qiagen
DNeasy Plant Mini Kit on the first day and the Qiagen Mericon
Food Kit on the second day. Extracted DNA was analyzed using
the same three PCR approaches as described above with the
ITS2 primer set used as the control assay and D. purpurea
‘Camelot Lavender’ leaf material used as the positive control.

Limit of detection

The limit of detection (LOD) was assessed using a dilution
series with the same two individuals used for the spike ex-
periment, D. purpurea ‘Camelot Lavender’ and D. lanata.
The DNA from both species was diluted in elution buffer in
a 10-fold series starting with a concentration of 10 ng/uL.
Six dilutions were made and consequently the lowest level
tested was 0.001 ng/uL. The PCRs using RAL08 and RAL10
were conducted as described above (1 pL was added of each
template, for 10ng, 1ng, 0.1ng, 0.01ng, 0.001ng, and
0.0001 ng per PCR, respectively).

Figure generation

For Figure 1, a total of 1823 ITS2 sequences in the family
Plantaginaceae were retrieved from the National Center for
Biotechnology Information (NCBI) GenBank database
using the built-in search tools, with 16 of these representing
Digitalis. These sequences were collapsed at 97% sequence
similarity using CD-HIT (Fu et al., 2012) and then aligned
with MAFFT version 7.305b (Katoh and Standley, 2013)
using the auto flag. The alignment was trimmed to 998 bp to
remove overhang and then manually curated to remove
erroneous and low-quality sequences in Geneious Prime
version 2023.1. All Digitalis sequences were added in after
collapsing with CD-HIT to ensure the genus was repre-
sented in sufficient detail. Similarly, it was ensured that all
genera tested in this study were represented in the final
alignment. Finally, the tree was constructed with FastTree

version 2.1.11 (Price et al., 2010). This process was com-
pleted iteratively until a suitable tree was constructed. The
GenBank accession numbers for the 334 sequences used in
the final tree are available in Appendix S2.

The bubble plot in Figure 1A was constructed in R version
44.1 (R Core Team, 2024) using ggplot2 (Wickham, 2016)
with data from table 1 in Albach et al. (2005). Each bubble is
scaled to represent the relative size of each the 12 tribes of
Plantaginaceae, using the number of genera each tribe con-
tains. These counts were normalized by dividing by the largest
number (28, Antirrhineae) and multiplying by a factor of 10.

RESULTS
Voucher DNA extraction

Of the vouchers, 55 specimens were found to have usable
DNA via amplification with a general primer set (rbcL;
Fazekas et al., 2008), including 13 representatives of Digi-
talis (two of the D. ferruginea failed to extract; Table 2).
Amplifiable DNA concentrations ranged from less than
0.2 ng/uL (out of range for Qubit, which was the case for
two specimens) to 55.3 ng/uL. A subset of these was used to
test the 10 pairs of primers (RALO1-RAL10).

Primer selection and specificity

Examination of the gradient gel revealed that the ideal
annealing temperatures ranged from 56-60°C, with primer
sets RALO1, 02, 04, 05, 06, 08 at 60°C, RALO7 at 58°C, and
RALO09 at 59°C. RALO03 was faint at all temperatures. Primer
set RAL10 was initially set at 60°C; however, an adjustment
was made for reasons described below and in the Discussion
that moved the annealing temperature to 56°C in the final
assay (Appendix S3).

Experimentation with primer sets RAL03 and RAL09
was discontinued after they failed to amplify D. purpurea
‘Alba’ effectively. The remaining primer sets exclusively
amplified all Digitalis species and no other species of
Plantaginaceae in the initial subsets. Two primer sets
(RALO8 and RAL10) were chosen to perform additional
expansive testing (Table 1). These sets were chosen because
they produced bright bands for the Digitalis species tested,
showed no off-target amplification in the initial test series,
and because they each offered an additional benefit. RAL08
amplifies a longer insert (688 bp) that is species specific if
sequenced, while RALI1O targets approximately 200 bp,
which is beneficial for samples that have a high proportion
of fragmented DNA, as might be encountered with pro-
cessed food or dietary supplement products.

Initially, many cultivars of D. purpurea were not
amplifying with primer set RAL10 with a 60°C annealing
temperature. To further investigate this issue, an additional
gradient PCR was conducted with cultivar D. purpurea
‘Camelot Lavender’ to reconfirm the optimal annealing
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temperature. At 50-55°C, all Digitalis individuals but also
non-Digitalis members of Plantaginaceae were amplified
(Appendix S4), but an annealing temperature of 56°C
amplified all Digitalis, including all cultivars of D. purpurea,
and excluded all other members of Plantaginaceae.

Finally, the primers were tested against the full set of 55
Plantaginaceae species, including all available Digitalis spe-
cies. Only Digitalis species amplified with both primer sets
(Figure 1, Table 2). This was further confirmed using the set
of 13 mixed botanical commercial samples with 69 non-
Plantaginaceae botanical ingredients listed on the label. The
commercial samples were also tested with both RAL08 and
RALIO at their respective optimized annealing temperature
to screen for off-target amplification beyond Plantaginaceae.
In these mixed samples, all controls functioned as expected.
The general rbcL primer set indicated there was amplifiable
DNA present, but no background amplification was
detected for RAL08 or RAL10. Taken together, this verified
the specificity of the primer sets.

Species identification

The RAL08 amplicon alignment was a total of 778 bp in length
and was divergent enough that all five Digitalis species tested
could be distinguished with this marker. The D. purpurea
cultivars were virtually identical: the cultivars ‘Lavender Car-
ousel’, ‘Camelot Lavender’, and ‘Apricot Beauty” were identical
to each other (100%) and ‘Primrose Carousel’ had a 2-bp
difference (99.8% identical). All D. purpurea cultivars pos-
sessed a unique 55-bp indel in this region, and D. ferruginea L.
also had a characteristic 13-bp indel (Figure 2). While the
differences between D. lutea, D. lanata, and D. grandiflora
were slightly more subtle, these species were also easily dis-
tinguished with nucleotide substitutions (Figure 2). Within this
set, D. lutea and D. grandiflora were the most divergent with
16-bp differences, while D. lanata and D. lutea were the most
similar with 13-bp differences.

The D. purpurea cultivar ‘Alba’, while matching the cul-
tivars ‘Lavender Carousel’, ‘Camelot Lavender’, and ‘Apricot
Beauty’ in all other alignment positions, contained polymor-
phic bases in four locations, which was different from all other
Digitalis species tested (Figure 2). One was an R (A or G) at
position 553, whereas all other cultivars and species of Digitalis
had an A at this location. Additionally, at position 382 there
was a Y (C or T) where the others had a T, and at positions
225 and 440 there was a Y where the others had a C (Figure 2).

The GenBank accessions for barcodes from all species
and cultivars sequenced as part of this study are listed in
Appendix S2.

Tissue tests

To test the utility of these primers across all tissues of
Digitalis, roots, stems, leaves, flowers, and seed pods were
amplified with RAL08 and RALIO0. In all cases except the

roots of D. purpurea ‘Alba’ tested with RALO0S, a dark band
was acquired (Figure 3). The RAL10 band for ‘Alba’ was
fainter than the others.

Leaf spikes and assay sensitivity

When extracted using the Qiagen Mericon Food Kit, all
samples including the 0% spikes showed bands for the
duplicate samples using the universal primer set ITS2 for
the positive control (DNA from D. purpurea ‘Camelot
Lavender’ leaf) but not for the negative controls (Figure 3).
When RAL08 and RAL10 were used, the 0% controls were
negative for both sets of samples and the 0.5%, 1%, and 5%
all had dark bands for both species of Digitalis (Figure 3).
This experiment showed that Digitalis can be detected down
to 0.5% biomass by dry weight in both D. purpurea and D.
lanata using these two primer sets in “real life” commercial
samples.

As an aside, these samples were initially extracted using
the Qiagen Plant DNeasy Mini Kit. However, blending the
samples together prior to extraction caused inhibition in the
downstream PCR (data not shown) that was clearly visible
when the control assay was conducted. A follow-up dilution
series proved that inhibition was the culprit, as the 1:10 and
1:100 dilutions resulted in clear bands. Undilute samples re-
extracted with the Qiagen Mericon Food Kit did not show
PCR inhibition.

Limit of detection

Both D. purpurea and D. lanata could be detected clearly
over three orders of magnitude, or to 0.1 ng, using both
primer sets. Additionally, RAL10 could faintly detect down
to 0.01 ng for D. purpurea (Figure 3).

Phylogenetic tree generation

The 688-bp RAL08 barcode trees generated with UPGMA
and RAxML showed congruent topography and high sup-
port (>75 for UPGMA and 100 for RAXxML) for all clades
except for the closely related individuals within the D.
purpurea cultivar clade (Figure 2).

The ITS2 tree created for Figure 1 was intended to
visualize the breadth and distribution of samples tested in
this study, not to provide phylogenetic inference. However,
this tree is congruent with the recently published plastid
phylogeny in Xie et al. (2023).

DISCUSSION

Although there are a multitude of well-established con-
served targets for non-specific amplification of different
organisms (Fazekas et al., 2008; Chen et al.,, 2010; Handy
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Gel from spike and serial dilution experiments. Rows A-D show primer set RAL08, while rows E-H show primer set RAL10. Wells 1 and 49

contain D. purpurea ‘Camelot Lavender’ leaf issue, and wells 2 and 50 contain D. purpurea ‘Alba’ leaf tissue. Wells 3-6 and 51-54 contain D. purpurea
‘Camelot Lavender’ flower, stem, seed pods, and root, and wells 7-10 and 55-58 contain ‘Alba’ flower, stem, seed pods, and root. Wells 11 and 59 are
negative controls for the tissue test PCR. Wells 13, 14, 61, and 62 were used to confirm there was no background amplification in 0% biomass Digitalis
matrix samples. Additionally, 0.5%, 1%, and 5% biomass spike concentrations of D. lanata (wells 15-20 and 63-68) and D. purpurea ‘Camelot Lavender’
(wells 21-26 and 69-74) were tested in duplicate for both species from lowest to highest. Extraction negatives were run in wells 27, 28, 75, and 76, and PCR
negatives in wells 30 and 78. Digitalis lanata was used as a positive control in wells 29 and 77. The final row for each primer set was run with a DNA dilution
series with 10 ng/uL, 1 ng/pL, 0.1 ng/uL, 0.01 ng/uL, 0.001 ng/uL, and 0.0001 ng/uL from left to right for both D. purpurea ‘Camelot Lavender’

(37-42 and 86-90) and D. lanata (43-48 and 91-96).

et al., 2011), identifying and selecting nuclear targets that
are taxa specific can be an arduous task. The SISRS-based
primer design method described in this paper provides a
blueprint for the development of specific assays for any taxa
of interest. SISRS requires an initial WGS dataset from the
parent taxa and the target taxa to identify specific SNP-rich
regions, but it is a reference-free technique that does not
require assembled genomes (Schwartz et al., 2015). The
number of sites identified scales linearly with the amount of
input data (Hunter et al., 2021), and thus the primer design
process can be adjusted to any level of implementation, if
the appropriate breadth of data is sampled. Here we have
modeled the process of development, optimization, and
testing for genus- and species-level identification of Digi-
talis, but this process can readily be extended to any taxa of
interest.

At the chosen annealing temperatures (Table 3), RAL08
and RAL10 successfully amplified DNA from all five Digi-
talis species tested and did not produce background
amplification in any of the 46 Plantaginaceae family mem-
bers evaluated or in any components of the 13 commercial
mixed botanical samples. Amplicons from the longer
RALO8 primer set (Table 1) were sequenced to confirm the
species-level differences identified by the primer design

process, and each species of Digitalis tested had suitable
differences to make species-level determinations if this level
of differentiation is desired. The shorter RAL10 amplicons
(Table 1) may perform better in highly fragmented samples,
such as processed foods, which often yield degraded DNA.
While faint, RALIO was able to amplify the D. purpurea
‘Alba’ root tissue, while RAL08 could not, potentially due to
DNA fragmentation. Based on these results, when run in
tandem, these primers can be used as an additional control
to confirm identification of Digitalis, but they can also stand
alone.

Both primer sets could detect down to 0.5% biomass by
weight of two species of Digitalis, the lowest level tested.
Digitalis DNA could be detected to three orders of magni-
tude (down to 0.1 ng) with both primer sets and to four
orders of magnitude (down to 0.01 ng) with RAL10 in D.
purpurea. These results are concordant with the results
obtained in Hunter et al. (2021), where Digitalis contami-
nation in the in silico simulated spiked sample data was
reliably distinguished from background reads at levels as
low as 0.05% biomass. In silico data are useful for initial
testing and benchmarking of novel methods, but because
these simulations do not perfectly model the artifacts cre-
ated by the sequencing process or account for differences in
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laboratory preparation and sample quality, a method's
capabilities are often overestimated (Duncavage et al., 2023).
The primer development strategy used here was agnostic
to target, and the intention was merely to find a region that
would be diagnostic of a genus. However, the RAL0O8 am-
plicon appears to contain an exon of a tRNA-specific
adenosine deaminase 2 (TAD2-like) gene based on BLASTN
analysis (Altschul et al., 1990); the RAL10 amplicon is too
short to produce a meaningful alignment in BLAST.
Although delving into phylogenetic differences was not the
focus of this work, especially given the short length of the
amplicon, we noted that the RALO8 amplicon for D. pur-
purea ‘Alba’ contained polymorphic bases in four locations
that were not present in any other Digitalis species
sequenced here (Figure 2), which may be a remnant of
selective breeding. The taxonomic history of the ‘Alba’
cultivar is convoluted. It was initially classified as its own
species, D. alba Schrank (Schrank, 1789), but is now con-
sidered synonymous with D. purpurea (Govaerts
et al., 2021). This taxon may be one of the earliest cultivars
of the species, having been propagated in the United States
for its all-white flowers by the Custis family in colonial
Virginia as early as 1735 (Sale, 1923). Since then, ‘Alba’ has
been recognized as having lower glycoside potency
(Watanabe, 1923; Cushny, 1925) and concentrations
(Ardelean et al., 2006) than more colorful cultivars of D.
purpurea. Using hybridization studies, Regnart (1935)
determined that D. purpurea ‘Alba’ is a pure-breeding,
heterotic plant that leads to reproductively sterile offspring
when used to produce Digitalis hybrids. Our work with the
RALO8 primers targeting the nuclear genome showed
polymorphic base pair shifts at four locations, possibly
indicating inbreeding of this cultivar, as has been demon-
strated in cultivated versus wild populations of D. lutea
(Sandner et al., 2022). This may have also contributed to the
fact that when D. purpurea ‘Alba’ was used in the gradient
test for RAL10 (Appendix S3), it produced dark bands at all
temperatures from 50-60°C, whereas cultivar D. purpurea
‘Camelot Lavender’ only gave dark bands at 50-56°C.
When assessing food products for composition or con-
tamination, it is important to prove (1) that measurable
DNA was extracted from the product of interest and (2) that
this DNA is amplifiable and free of inhibitors or fragmen-
tation so severe that it impacts amplification. To this end, it
is necessary to use a general primer set (e.g., rbcL or ITS2) as
a control in conjunction with targeted primer sets. This
approach has been successfully used to detect toxic plant
contaminants in honey (Wang et al., 2024) and vegetable
mixes (Bai et al., 2022). With the commercial samples, ITS2
primers were used as controls to confirm DNA viability, and
samples of botanically rich spice mixes spiked with Digitalis
were subsequently assayed with RAL08- and RALIO-
targeted primers to detect contamination. While additional
testing to confirm specificity will be valuable, this assay was
rigorously assessed across a broad range of confamilial
species representing seven out of the 11 remaining tribes of
Plantaginaceae, as well as several complex consumer

products containing 69 different botanical ingredients.
These experiments provide substantial support for the
precision and ruggedness of the assay developed here and
offer a powerful example of how WGS data can be leveraged
to develop targeted tools to protect the food supply.

Conclusions

The rise in popularity of botanical food products and dietary
supplements necessitates rapid, accurate methods to detect
potential toxic plant contaminants when adverse events are
reported. In cases of emergent outbreaks, such as the 2019
Datura stramonium L. contamination of humanitarian relief
food (Mutebi et al., 2022), targeted primers could have helped
identify the source of the outbreak in considerably less time.
This paper presents the development and testing of a targeted
qualitative method to detect Digitalis contamination in
complex food matrices, leveraging WGS data with the SISRS
pipeline to identify unique nuclear amplicon sites for Digi-
talis species. The novel method described here for primer
development serves as a proof of concept for developing
targeted assays from WGS data, and these findings can be
used to develop larger, more comprehensive panels specific
for botanical species that present a high risk of contamination
and toxicity in consumer products, with future goals
including other toxic plant taxa such as oleander, jimson-
weed, monkshood, and hemlock.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. Listed ingredients in each of the 13 consumer
samples tested, including EM-27 and EM-28, which were
combined and used as the background for the spiked
samples. Note that not all common names refer to a single
species, which is why multiple species names are listed in
some cases.

Appendix S2. GenBank accession numbers for the 334 ITS2
sequences used in the final version of the representative
phylogeny shown in Figure 1, as well as 11 different RALO8
barcodes from expertly identified Digitalis specimens
sequenced as part of this study.

Appendix S3. Two gradient gels run on various species of
Digitalis to test primer amplification of target species across
different temperatures. Each primer and species combina-
tion tested was run in a vertical column, and the tempera-
ture gradient ranged from 60°C (row A) to 50°C (row H).
All controls ran as expected.

Appendix S4. Temperature gradient showing Digitalis
species in wells A1-A12 and non-Digitalis Plantaginaceae
species in wells BI-E12 at temperatures 50°C (top), 55°C
(middle), and 56°C (bottom).
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