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Abstract: DNA analysis of environmental samples (eDNA) provides a non-intrusive ap-
proach to identify organisms, characterize biological communities, and assess biodiversity,
including the detection and monitoring of invasive plant effects. However, the use of eDNA
for specific applications, such as targeted-species detection, geographic and floral source
tracing, and assessment of invasive plant ecological and environmental effects, requires the
development of species-specific genetic primers. Chinese tallow (Triadica sebifera (L.) Small)
is a non-native high-impact invader, capable of changing fire regimes, native biodiversity,
nutrient cycling, and wildlife habitat and populations, that is expanding in range and
abundance throughout the southern United States. In this study, we investigated and
identified specific genetic sites, markers, in the tallow chloroplast genome and developed
sets of primers for tallow eDNA detection. Two sets of tallow primers were developed,
tallow-specific primers and tallow-related primers. Both sets of primers can be used for
tallow eDNA detection, with higher target specificity for tallow-specific primers. Primers
were subsequently validated for target specificity against closely related species, samples
of tallow tissue, and honey and honey bee-collected pollen from areas with tallow. We
found that tallow-specific primers differentiated tallow eDNA from closely related species,
demonstrating target specificity. Furthermore, a sequence analysis of the tallow-related
primers in the polymerase chain reaction accurately distinguished members of the Hip-
pomaninae subtribe, including tallow, from other subtribe or subfamily members within
the Euphorbiaceae. Ultimately, the genetic markers and the corresponding sets of primers
will facilitate eDNA analysis of tallow for several applications, including detection and
monitoring in water and soil, assurance of honey quality and floral source tracing, and
perhaps serving as a model for determining plant use by pollinators.

Keywords: popcorn tree; eDNA; genetic markers; primers; floral source tracing; invasive
plants; honey; honey bee; pollinator

1. Introduction
Non-native invasive plants are those capable of ecological, economic, or human health

harm [1]. Several invasive plant species have resulted in substantial changes to North
American ecosystems, including regime shifts and changes to ecosystem services [2,3].
Such plants often negatively impact native biodiversity, wildlife habitat, forest productivity,
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and fire behavior [3–7]. Detection of invasive plants through DNA analysis provides
a better accounting of their extent and ecological impacts, whereas visual surveys can
only allow for the delimitation of existing distributions and presence [8]. Moreover, plant
invasion can lead to both negative and positive socioeconomic effects (e.g., reducing native
flora abundance but providing a nectar-rich resource for pollinators), further complicating
control and management decisions, as well as detection needs and priorities [3,9].

DNA analysis of environmental samples provides an efficient and non-intrusive
sampling approach for detection of organisms, characterization of biological communities,
and biodiversity monitoring [8,10,11]. Environmental DNA (eDNA) was defined as genetic
material obtained from environmental samples (e.g., soil, sediment, and water) rather than
biological source material [8]. The use of eDNA for targeted invasive plant species detection
may allow for a better understanding of invasive plant interactions within its environment,
including pollinator–plant relationships [8]. For example, tracking target species’ DNA in
water samples may allow for the evaluation of their downstream impact on water quality
and aquatic organisms [10]. In soil samples, the identification of invasive plant roots
and leaf litter fragments may allow for an examination of their effects on soil fauna and
nutrients [12]. eDNA can also be used to trace the geographic origin of a sample for quality
assurance of commercial products, such as honey [13], and allows for the examination of
pollinator foraging preferences [14].

Genetic marker development for targeted species detection in DNA samples [14–17]
facilitates the evaluation of invasive plants’ genetic diversity, genotype identification, recon-
struction of introduction history, and genetic-phenotype mapping [17,18]. The application
of nuclear, chloroplast, and mitochondrial DNA polymorphisms as biochemical markers
in population genetic analyses of forest trees presents many benefits, especially in un-
derstanding genetic relationships within and among populations of woody species [19].
Plant molecular systematics and DNA barcoding techniques depend significantly on the
utilization of chloroplast gene sequences [20].

Chinese tallow [Triadica sebifera (L.) Small, Euphorbiaceae], hereafter referred to as
tallow, is a non-native tree introduced to the southern United States in the 1700s to establish
local soap and oil industries and is currently favored by beekeepers as forage for honey
production [7,21,22]. Tallow is native to China, Taiwan, and northern Vietnam, with natural-
ized populations in Japan, India, Pakistan, Bangladesh, Sudan, Europe, Australia, Panama,
and Peru [9,18,23]. Within its native range, it is cultivated for a variety of uses, including
food, medicine, and industrial applications [22]. In the southern United States, tallow
is prevalent in Louisiana, Texas, and Mississippi, especially within prairie and flatwood
ecosystems [24,25]. Over the past eight decades, tallow continued to spread northward
and inland, with areas of an annual extreme minimum temperature of less than 12.2 ◦C
representing the northern limit of tallow’s naturalized populations in the southern United
States [25]. DNA analysis of tallow populations within the introduced and native ranges
showed higher genetic diversity in the native range [18]. Within the introduced range,
tallow populations in Texas and Louisiana were most similar to northeastern Chinese
populations and were characterized as better seed producers and faster growers than popu-
lations in the eastern portions of the introduced range [18]. This highlights the importance
of differences in native source and introduction history in tallow spread dynamics within
the tallow-introduced range.

The use of eDNA for tallow detection, assurance of honey quality and floral source,
assessment of tallow’s impact on water and soil, and evaluation of tallow’s contribution
to pollinator and honey bee (Apis mellifera L.; Apidae) foraging and nutrition requires
the development of tallow-specific primers. This study aims to develop tallow-specific
chloroplast markers and primers based on single-nucleotide polymorphism (SNP) for
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accurate detection, monitoring, and assessment in eDNA fragments. We adopted the
recommended steps from Freeland [10] for eDNA primer design that provide a general-
ized sequences of steps for developing genetic markers for the detection of targeted and
non-targeted species from multiple sites, which can also be applied to other non-native
invasive plants. Genetic markers were developed using complete chloroplast gene se-
quences obtained from the National Center for Biotechnology Information (NCBI) GenBank
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 31 January 2025) and were
subsequently tested against positive and negative controls. Polymerase chain reaction
(PCR) amplification, DNA sequencing, and phylogenetic analysis were used to validate the
primers’ target specificity against closely [e.g., subtribe members such as the southeastern
U.S. natives: Gulf Sebastian-bush (Ditrysinia fruticosa (W. Bartram) Govaerts & Frodin) and
Queen’s delight (Stillingia sylvatica L.)], less closely related species (e.g., members of dif-
ferent families, subfamilies, tribes, and subtribes), tallow tissue, and honey and corbicular
pollen pellets (i.e., nectar-moistened pollen pellets transported on hind legs) [26].

2. Materials and Methods
2.1. Genetic Markers Design

Complete chloroplast gene sequences for tallow were obtained from the National
Center for Biotechnology Information (NCBI) GenBank database (http://blast.ncbi.nlm.
nih.gov/Blast.cgi, accessed on 31 January 2025). Variation in the chloroplast DNA se-
quences, specifically single-nucleotide polymorphism (SNP), were explored and multi-
ple alignments of tallow chloroplast gene sequences were constructed. The sequence
of tallow chloroplast, complete genome with GenBank accession NC-_060661.1, con-
sisting of a 164,018 bp genomic sequence (including the matK and rbcLb genes and
the trnL-F regions), was progressively scanned for SNPs and used as the reference se-
quence for the multiple alignments analyzed. In a PCR, the two sets of primers (Tal-
low_specific and Tallow_related) were developed to produce either a positive band or a
null amplification (negative) on gel electrophoresis and were designed using the online
Primer3Plus (https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/, ac-
cessed on 31 January 2025).

Twelve NCBI GenBank sequences, representing 11 species, including the reference
sequence NC_060661.1 for tallow were used for comparison. The sequences represented
three species within the same subtribe (Hippomaninae) as tallow [Balakata baccata (Roxb.)
Esser (NC_057049.1); Hippomane mancinella L. (NC_069185.1); and Excocaria agallocha L.
(NC_063570.1)], three species within the same subfamily (Euphorbioideae) as tallow [Eu-
phorbia helioscopia L. (MN_199031.1); Euphorbia kansuensis Prokh. (MZ_962400.1); and
Euphorbia lathyris Georgi (OY_755234.1)], and four species within the same tallow (Euphor-
biaceae) family [Aleurites moluccanus (L.) Willd. (NC_077491.12); Hevea brasiliensis (Willd.
ex A.Juss.) Müll.Arg. (KY_363216.1 and KY_419136.1); Ricinius communis L. (MT_555101.1);
and Plukenetia volubilis L. (NC_058006.1)].

2.2. Verification Samples

To verify the target specificity of the developed primer sets, seed samples of tallow
(n = 1), leaf samples of closely related species (n = 2), honey (n = 2), and honey bee-collected
pollen (n = 10) from areas with tallow were used (Table 1). Tallow seeds were collected
from a morphologically identified (visual assessments of leaves and fruit) tallow tree
located along a roadside barrier behind the Alexandria Forestry Center, Pineville, Louisiana
(Figure 1). Two leaf tissue samples from tallow-related species, Ditrysinia fruticosa and
Stillingia sylvatica, were also included to serve as negative control checks of chloroplast
primers (Figure 1). Both D. fruticosa, and S. sylvatica were collected from the Kisatchie
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National Forest, Louisiana. Two honey samples from the Mississippi Gulf Coast were
provided by a beekeeper based in southern Mississippi (Figure 1). Honey was produced by
honey bee colonies in the Jackson and Harrison counties, Mississippi, between 20 April and
10 June 2024; the beekeeper considered tallow to be the primary, but not the only, nectar
and pollen source for the honey. Ten corbicular pollen pellet samples were collected from
5 to 19 June 2023 (when tallow was in full bloom) from one to three honey bee colonies
located in Baldwin and Houston County, Alabama, with the use of entrance pollen traps
(Foxhound Bee Company, Birmingham, AL 35203, USA). The entrance pollen traps were
activated weekly (total three-week period), each for 48 h, during which the corbicular pollen
pellets were collected. The corbicular pollen pellet samples were positively identified as
containing tallow using the procedure of acetolysis [27] for processing and identified in
abundance under a microscope following the protocol of Lau et al. [28]. This, however,
does not preclude that other plant material was also included. The corbicular pollen
pellet samples were shipped overnight from Auburn University on dry ice to the USDA
Forest Service laboratory in Pineville, Louisiana, for analysis (Figure 1). All the samples
were processed in the laboratory for subsequent analyses, including DNA extraction
required for the validation of the chloroplast primer design for target specificity, post-
design evaluation of primer detection, primer-DNA amplification condition optimization,
and genetic variation analysis.

Table 1. Sources and material codes of tallow (Triadica sebifera) seed, honey, honey bee (Apis mellifera)-
collected corbicular pollen pellets (i.e., nectar-moistened pollen pellets transported on bees’ hind
legs), and leaf tissue of tallow-related species (Ditrysinia fruticosa, and Stillingia sylvatica) used to
validate the tallow-specific primers.

Number Name County/Parish GenBank
Accession Material Code

1 Tallow tree seed Rapides, LA PQ074089 LASeed
2 Honey Jackson/Harrison, MS PQ074090 A
3 Honey Jackson/Harrison, MS PQ074091 B
4 Pollen pellet Houston, AL PQ074092 AL1
5 Pollen pellet Houston, AL PQ074093 AL2
6 Pollen pellet Houston, AL PQ074094 AL3
7 Pollen pellet Houston, AL PQ074095 AL4
8 Pollen pellet Baldwin, AL PQ074096 AL5
9 Pollen pellet Baldwin, AL PQ074097 AL6
10 Pollen pellet Baldwin, AL PQ074098 AL7
11 Pollen pellet Houston, AL PQ074099 AL8
12 Pollen pellet Houston, AL PQ074100 AL9
13 Pollen pellet Houston, AL PQ074101 AL10
14 Ditrysinia fruticosa Rapides, LA PQ664904 DF
15 Stillingia sylvatica Rapides, LA PQ664905 SS
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Figure 1. Samples used to verify target specificity of tallow (Triadica sebifera) primers: (a) tallow
seed source along fence, Pineville, Louisiana; (b) honey samples from Jackson/Harrison counties,
Mississippi; (c) corbicular pollen pellets (i.e., nectar-moistened pollen pellets transported on bees’
hind legs) collected from colonies in Houston and Baldwin counties, Alabama; (d) Ditrysinia fruticosa
(Gulf Sebastian-bush) leaves; and (e) Stillingia sylvatica (Queen’s Delight) leaves.
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2.3. Preparation and DNA Extraction

The seed and leaf tissue samples were surface-sterilized with 70% ethanol (1 min) and
approximately 1 g of each tissue was used for DNA extraction. The samples were placed
individually into a clean re-closable bag (2 × 2′′, 2 MIL, ULINE, Pleasant Prairie, WI, USA)
containing 1 mL of sterile distilled water. Each bag was homogenized by gently crushing
with a hammer to enable further extraction [29], and 500 mL of each of the resulting tissue
mixtures was placed into a clean 1.5-mL Eppendorf tube for subsequent DNA extraction.
For the honey samples, 3 mls of each sample was placed into a 15 mL Falcon centrifuge
tube containing 10 mL of sterile distilled water. The mixture was vortexed and incubated
at 65 ◦C for 2 h in a preheated water bath (ISOTEMP 210, Fisher Scientific, Dexter MI, USA)
followed by centrifugation at 4000 rpm for 10 min in a Q-sep™ 3000 Centrifuge (Restek
Corporation, Bellefonte, PA, USA). The supernatant was gently decanted by pipetting,
and the honey debris pellet was resuspended in the remaining supernatant. A total of
500 µL of the suspension was transferred into a clean 1.5 mL Eppendorf tube for subsequent
DNA extraction. For the corbicular pollen pellet samples, three pollen pellets from each
sample were suspended in 1 mL sterile distilled water and placed into a 1.5-mL Eppendorf
microcentrifuge. A total of 500 µL of the resultant pollen mixture was transferred into a
1.5 mL Eppendorf tube for subsequent DNA extraction using the DNeasy Plant Mini Kit
(Qiagen, Germantown, MD, USA) protocol as described below.

For each individual sample, the total DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen, Germantown, MD, USA) protocol with a few modifications as described
as follows. About 400 µL of Buffer AP1 and 4 µL of RNase (Qiagen DNeasy extraction
kit) were added to approximately 500 µL of each of the three sample types separately
(plant tissue, honey, and corbicular pollen pellets). The mixed solution was incubated in a
preheated water bath (ISOTEMP 210, Fisher Scientific, Dexter MI, USA) at 65 ◦C for 3 h
with intermittent mixing by gentle repeated inversion of the tube for 3 s every 30 min. Then,
130 µL of Buffer P3 was added to the mixture, and incubated on ice for 5 min, followed
by centrifugation at 14,000 rpm for 5 min. The supernatant was gently pipetted into the
QIAshredder spin column (Qiagen, Germantown, MD, USA) followed by centrifugation
at 14,000 rpm for 2 min resulting in a flow-through supernatant. The supernatant was
then carefully transferred into a 1.5 mL Eppendorf tube and a measure of Buffer AW1
equivalent to 1.5× the amount of the supernatant was added and mixed. The resulting mix
(650 µL) was transferred into the QNeasy Mini Spin Columns (Qiagen, Germantown, MD,
USA) and followed by centrifugation at 10,000 rpm for 1 min, thereby repeating the step
with the remaining solution. The DNeasy Mini Spin Column was placed into a new 2 mL
collection tube, followed by the addition of 500 µL Buffer AW, and centrifuged for 1 min
at 10,000 rpm. The flow-through was discarded and the collection tube was reused for
the next step. To dry the membrane, 500 µL of Buffer AW was added to the DNeasy Mini
Spin Column and centrifuged for 2 min at 14,000 rpm. The spin column was transferred
to a new 1.5 mL microcentrifuge tube, with 50 µL of Buffer AE pipetted directly onto the
DNeasy membrane and incubated for 5 min at room temperature (15–25 ◦C). The samples
were then centrifuged for 1 min at 8000 rpm to elute the DNA in which the extracted DNA
was stored at −20 ◦C for further analysis.

2.4. PCR Amplification Using Tallow-Related and Tallow-Specific Primers

PCR amplification was performed in a final 20 µL volume reaction using a Bento Lab®

(Bento Bioworks Ltd., London, UK) thermocycler machine. A reaction contained 10 µL
TopTaq PCR Master Mix (Qiagen, Germantown, MD, USA). The master mix consisted of
3.0 µL of a 5 µM solution of each forward and reverse primer, 2 µL of 10× CoralLoad, and
2 µL of the DNA template, with the addition of 2 µL of sterile water used as the no-template
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control. For amplification of the chloroplast gene marker sites, the PCR conditions consisted
of initial denaturation at 94 ◦C for 3 min, followed by 40 cycles of 35 s denaturation at
95 ◦C, 35 s annealing at 60 ◦C and 1 min extension at 72 ◦C, and a final extension at 72 ◦C
for 10 min. Gel electrophoresis was performed to examine the amplified PCR products
by loading 5 µL of each product into separate wells on 1% agarose gels. After 25 min of
electrophoresis, the agarose was stained with ethidium bromide for 20 min, and positive
bands of PCR products on the gel were visualized under UV illumination. The presence of a
band on a gel indicates positive amplification, while no band indicates negative. Therefore,
a positive band indicates a sample is tallow, while a negative (no band) with the marker
indicates the sample is not tallow, allowing for the verification of primer target specificity.

2.5. DNA Sequencing

To demonstrate the primers’ ability in distinguishing between tallow and related
species (i.e., subtribe, subfamily, and family members), DNA PCR amplification was
performed for the 15 verification samples (including tallow and tallow-related species)
using the following: (1) forward Tallow_related_F and reverse Tallow_related_R primers,
followed by (2) forward Tallow_specific_F and reverse Tallow_specific_R primers. Tallow
seeds were used as the representative tissue for DNA sequencing, while leaf and petiole
tissue samples from the same tallow tree were only used as positive checks in the PCR.
The resulting PCR products were sent to Molecular Cloning Laboratories (MCLAB, San
Francisco, CA, USA) for purification and sequencing using the corresponding reverse
primers (Table 2). The DNA sequencing was performed using the reverse Tallow_related_R
primer to enable the analysis of genetic variation and differences in the PCR products from
the samples, compared to other sequences in the NCBI GenBank database. The sequenced
PCR products from the 15 samples included in this study were submitted to the GenBank
database and assigned the GenBank Accessions numbers PQ074089 to PQ074101, as well
as PQ664904 and PQ664905 (Table 1). The phylogenetic analysis of the sequences based
on the genetic variability among the samples, including sequences in the NCBI GenBank
database, was performed using Molecular Evolutionary Genetics Analysis, MEGA Version
11 software ([30], using sequence NC_060661.1 (identical to MT424756.1) as the reference
sequence.

Table 2. Chloroplast DNA (cpDNA) markers and specific polymerase chain reaction (PCR) primers
used for the detection of the single-nucleotide polymorphism (SNP) target for tallow (Triadica sebifera)
identification.

Reference Seq.
Accession # Name PCR Primer Sequence, 5′-3′ SNP Target * Marker Position

NC_060661.1
Tallow_specific_F Forward—CCATTCCCATTTTGTTTTGG

(TTTTG)2 102223 to 102232Tallow_specific_R Reverse—GGCAGGCAGGCCTATATTTC

NC_060661.1
Tallow_related_F Forward—TGCTGATGCTGAAACATGAA

(TGCTGA)2 100677 to 100689Tallow_related_R Reverse—CCGGTCAACTGGAATGTGTA

* The target repeat sequences are present in the tallow but absent in the sequences of the other closely related
species in the multiple alignment.

3. Results
Two sets of genetic markers were developed for use in eDNA (Table 2), allowing for

targeted-species detection, geographic and floral sourcing, and a broader assessment of the
tallow ecological and environmental effects.
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3.1. Chloroplast Markers

A first set of designed polymerase chain reaction (PCR)-specific primers (forward
Tallow_specific_F and reverse Tallow_specific_R) amplified a 353-base-pair size product in
a PCR (Figure 2). The second set of PCR primers (forward Tallow_related_F and reverse
Tallow_related_R) amplified a 348-base-pair size product of the tallow accession NC_060661
(Figure 3).
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(pink) and absent in other species in the alignment.
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reaction (PCR). The highlighted is the query target site (green) that has a unique primer segment
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3.2. Markers Verification

For the tallow-specific primer set (Table 2), gel electrophoresis bands were present
for tallow only, indicating the positive detection and differentiation of tallow from Dit-
rysinia fruticosa and Stillingia sylvatica, the closely related native species (Figure 4a). Gel
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electrophoresis bands were present for tallow as well as Ditrysinia fruticosa and Stillingia syl-
vatica for the tallow-related primer set, indicating the detection of tallow and tallow-related
species (Figure 4b).
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Figure 4. Gel electrophoresis of polymerase chain reaction products of the chloroplast marker DNA
amplification of the samples (Table 1) from tallow (Triadica sebifera) seeds (TS), honey (HA and HB),
pollen pellets (P1 to P10), tallow-related species (Ditrysinia fruticosa (DF) and Stillingia sylvatica (SS)),
tallow leaf as the positive check (Pos-TL), tallow petiole as the positive check (Pos-TP), and sterile
water as the negative check using the following: (a) tallow-specific forward/revers primers and
(b) tallow-related forward/revers primers.

The tallow-related primers allowed for the detection of tallow in all 15 samples used for
validation of the primer set, including the tallow leaf and petiole positive checks (Figure 4b).
Therefore, tallow-related primers can be used for the detection of tallow and tallow-related
species presence, and tallow-specific primers can be used to confirm only tallow presence.

3.3. Phylogenetic Comparison

The post-design evaluation of primer detection showed that the tallow-related primer
set allowed for the grouping of all the tallow-containing samples with the reference se-
quence NC_060661.1 (Figure 5). The native subtribe member, Ditrysinia fruticosa, was shown
to be a close relative of tallow, whereas Stillingia sylvatica occupied a more distant location
along the phylogenetic tree. The NCBI GenBank sequences representing three species
within the same subtribe as tallow [Balakata baccata, Hippomane mancinella, and Excocaria
agallocha] occupied closer branches on the phylogenetic tree, largely reflecting taxonomic
hierarchy. Both the corbicular pollen pellets AL3 and AL5 from Alabama and the Honey
B sample from the Mississippi Gulf Coast were more like each other than the remaining
tallow-containing samples, which matched better to sequence NC_060661.1 (Figure 5).
Ditrysinia fruticosa from Louisiana and the Balakata baccata sequence (NC057049.1), both
members of the subtribe (Hippomaninae), were identified as the closest tree species to
tallow in this analysis, which is consistent with the taxonomic classification within the
same family, tribe, and subtribe. The Balakata baccata sequence showed 99.0% similarity to
tallow with a single SNP (C/T) at the position 100995 of the chloroplast genome region
in the reference sequence NC_060661.1, excluding the SNP within the primer amplicon
repeat (TGCTGA)2 used as the forward primer target site. Additionally, other species
of the Hippomaninae subtribe (Hippomane mancinella and Excocaria agallocha) were more
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genetically similar to the tallow reference sequence and the tallow-containing samples than
other distant species of the Euphorbiaceae family including Stillingia sylvatica that occupied
lower and more distant branches of the phylogenetic tree (Figure 5).
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parameter method [33] and are in the units of the number of base substitutions per site. This analysis
involved 27 nucleotide sequences. The codon positions included were 1st+2nd+3rd+Noncoding. All
the ambiguous positions were removed for each sequence pair (pairwise deletion option). There was
a total of 218 positions in the final dataset. The analyses were conducted in MEGA11 [30].

4. Discussion
The tallow-specific primers detected only tallow (Figure 4a), while the tallow-related

primers amplified DNA from the tallow and tallow-related native species, Ditrysinia fruti-
cosa and Stillingia sylvatica (Figure 4b). DNA sequencing of PCR products for post-design
evaluation using the reverse Tallow_related_R primer confirmed the identity of tallow and
tallow-related species (i.e., Ditrysinia fruticosa and Stillingia sylvatica) and further demon-
strated the target specificity of the tallow-specific primers (Figure 5). The results from the
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two sets of primers demonstrates the validity of the chloroplast marker for tallow detec-
tion. The tallow-specific primers allowed for differentiation between tallow and closely
related native species allowing for its use in targeted species detection, while tallow-related
primers identified tallow-related species enabling the comparison of genetic differences
among those species.

Tallow-specific chloroplast primer pairs were developed for targeted detection, mon-
itoring, and assessment using eDNA fragments. The primer pairs were tested for target
specificity using samples of tallow tissue, honey, corbicular pollen pellets, and tallow-
related species and were subsequently used for DNA sequencing to explore the genetic
variability among samples and closely related species. Although soil or water samples
were not tested in this investigation, the developed tallow-specific primers could also
be used for the detection of tallow using eDNA collected from soil and water samples.
Tallow-specific primers can be used to authenticate the geographic or botanical origin of
tallow-sourced honey, which is prized for its higher quality and flavorful notes of cinnamon
and vanilla [22,34–36]. A better understanding of pollinator foraging behavior and plant
use will be facilitated using the tallow-specific primers developed here. Consequently, this
eliminates the need for microscopic pollen analysis that requires experienced and skilled
analysts [14,37].

The detection of tallow DNA in locally produced honey, to a certain extent, may
indicate the level of success tallow attained in proliferating across the southern United
States. The attraction of honey bees to tallow floral attributes (scents, pollen, etc.), which
results in abundant seed production that are disseminated by birds, could be a contributing
factor in the successful establishment of tallow in the region [38,39]. The attraction might
lead to a beneficial and mutual relationship between honey bees and tallow, leading to
the pollination of flowers and honey bees having access to a readily available spring
resource of nectar [22]. This attraction is beneficial to honey production in the region
but presents challenges by the potential facilitation of an abundance of tallow seeds that
might be spread across the landscape. Additionally, the early establishment competitive
advantage of tallow over the native species may further enhance its expansion into new
habitats [40]. Although tallow relies on insects for pollination, Clark and Howard [41]
showed that among numerous insects that visited inflorescences, only bees in the families
Apidae and Halictidae carried significant amounts of pollen. Honey and native bees
dominated the pollinator community and carried large amounts of pollen at three out
of four study sites [41]. Perhaps a well-timed intervention approach by targeting the
tallow seed production cycle would allow for the disruption of tallow’s floral patronage by
pollinators, which could have long-term mitigation and management benefits when tallow
control and the restoration of invaded areas are key objectives.

The analysis of the chloroplast markers presented in this study shows evidence of
genetic differences among the limited number of examined samples, including differences
across species belonging to the same subtribe (Hippomaninae) such as Ditrysinia fruticosa
and Balakata baccata, which showed more similarity to the evaluated tallow sequence.
Ditrysinia fruticosa is native to the southeastern United States, while Balakata baccata is
native to Yunnan Province, China, and other southeast Asian countries [42]. The ability of
developed primers to allow for differentiation between closely related species using DNA
fragments from environmental samples is important to understanding changes in the native
ecosystems and potentially useful for research investigations and restoration efforts. An
accurate DNA detection approach would facilitate much better tracking and documentation
of the floral pollen foraging profile of bees and other nectar-seeking pollinators. It may also
provide more insights into ecosystem resource utilization and the success of native species
restoration efforts across local landscapes. The chloroplast markers and the corresponding
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primers evaluated in this study were developed to facilitate the seamless assessment
and monitoring of eDNA fragments without the need for DNA sequencing and to also
complement the existing DNA barcoding approaches.

5. Conclusions
DNA primers are essential for the detection, genetic diversity assessment, and genotyp-

ing of targeted species. The detection of tallow using DNA fragments from environmental
samples will facilitate a better understanding of changes in native ecosystems, thereby
providing a useful tool for research investigations and restoration efforts. This DNA-based
approach will enable source tracing and documentation of tallow in soil, water, honey, and
bee-collected pollen, allowing for a better understanding of plant/pollinator interactions
as well as tallow’s ecological and environmental effects.
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